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,PrpifessOT)Y^oy  Borispyi^fZ#|oYi%"wa8 

20th.cOTturyl^  He;'mai|eAutsf&^n‘g:,cpntril}utipM  pf^the  modern 

tKeOTy'.pficdmMstion  and^detonat^^^  waves,  nu^e^ 

pHysics  Md'pKysiM'pf^efemenf.My as- 
trbp%slc8':'to^  X-ray  , 

]ln  1994  he  would  turn,  80.  The  idea  of  organizing  the  International  Coi^erence 
oh-  Coi^ustidh  the  80th  birthday  anniversary  of  Prof.  Yakov  Zerdovich 

(Zel’dovim  Memori^)' evoked' a  waM  reap  tdl  dvef  the  world.  The 

Gbhferehce  is  a  iributp  of  respect  to  tnispefsph,  and!contfi^tes  to  fmthef  devebpment 
of  science,  and  stfengthehingVihe  internatidnid  combustion  cpihmtmity. 

The  Techhicai  Pro^^  of  the  Zei’ddyich  .Memorial  contained  48  invited  plenary 
lectures  uid  more  than  200  poster  presehtatiohs  at  8  Sessions; 

1.  Kinetics; 

2.  Ignition  and  Steady-State  Flame  Propagation; 

3.  Diffusion  and  Heterogeneous  Combustion; 

‘4.  Turbulent  Combustion; 

5,  Unsteady  Combustion; 

6.  Detonation; 


7.  Combustion  and  Detonation  Analogies; 

8.  Intensive  Shodc  Waves  and  Extreme  States  of  the  Matter. 

Koimd  Table  Discussions  on  the  particular  topics  of  current  interest  in  the  combus¬ 
tion  science  were  organized*  to  stiinulate  informal  exchange  of  ideas. 

I  The  Proceedings  of  the  Conference  entitled  Cohibiistion,  Detonation,  Shock 

f  Waves  are  published  in  two  volumes.  Volume  1  includes  complete  manuscripts  of 

I  invited  plenary  lectures.  Volume  2  includes  extended  abstracts  of  poster* presentations. 

I  I  In  this  voluine,  Combustion,  Detonation,  Shock  Waves,  Volume  2,  the  pa^ 

f'  pers  selected  for  poster  presentation  have  been  arranged  according  to  the  corresponding 

>  I.  Sessions. 

'  i 
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wgasgy*" 


Contributions  to  Session  1,  Kinetics^  deal  ihainly  with  environmental  aspects  of 
combustion  processes.  The  wetl-knpwn  Zel’dovich  metianism  of  NO®  formation  has 
been  used  in  relevant  studies  by  Gostihtsev  and  Gdmera,  Heitldnd  et  at,  Kondrikov, 
Pesce-Rodrigues  and  Eifer,  Sobolev  and  Karasev.  Peculiarities  of  soot  and  particulate 
forthation  phenomenon  are  reported- by  GgU^te  and  GUI,  Krestinin,  Mansurov,  Roth 
and  von  Gersum,  fesner  and  5Atir«pov.  ‘TKe^problems  of  pollutant  reduction  in  various 
industrial  application^  are  studied  by  Barrakat  et  at,  Chae  et  at,  Sternberg  et  at 
,  The  nontherm^  meA^sm  p£fl^e^pr9pagatipn,»fo  Zel’.doyich,  is 

stuped  i)y^d|o^y.  et  ^i  for  the'sdane  imxtures.  Thcjeffect  of  tr^s^ 
rite  on  tHe  gas-pnase  reactl^^  shp^  . wave, propagating  in  a  multi-component 

inixfuie  w  reported  by t^ie  development  of  Zet’dovi^  ideas,  Skfehkov 
presents  ah  approadi  for  studying  cheihical  kinetics  -  yibratiohal  energy  transfer  inter¬ 
actions  in.npzzle.flqws,. , .  , 

A  ncty  seim^einpiric^  meAt^sm  of  isp-qctane.  and  ,n-hept^e  spreflame  oxidation 
under  , conations  releyjuit  to  spiuk  ignitidh  engines  is  suggested  by  Bgsevich  et  at  A  de¬ 
tailed  tmeiic  me<^anism  of  autq-igmtion  Md  combustion  of  simple  sulphur-containing 
gas-phase  mblectdM  systems  H-S-0  and  C-Sr-O  is  developed  hy  ^Basevich  et  at  Bruno 
et  at  study  the  effect  of  hydrogen  peroxide  on, the  igmtioh  delay  time  of  .CH4/02/Ar 
riiixtures,  Tsygdriov  ei  at  report  the  new  detailed  sdieme  of  carborane  oxidation  in 
water  vupor.  Also  presented  are  the  results  of  investigations  of  condensed-pha-e  kinet¬ 
ics  in  energetic  materials  {Kriger  et  at,  Manolis  et  at,  Sinditskii  et  at)y  and  of  the 
effect  of  extraneous  factors  on  flame  propagation  {Gromovenko  and  Begishev,  Karpov 
et  at,  Popov  et  at,  Yagodnikov  and  Vdronetskii): 


Contributions  to  Session  2,  Ignition  and  Steady-State  Flame  Propagation, 
are  basically  in  line  with  the  Zel’dovich-Frank-Kamenetskii  theory  developed  in  late 
30s  Assovskii  offers  the  review  of  current  studies  of  ignition  and  extinction  of  gasiflable 
rocket  propellants.  The  structure  of  combustion  waves  is  studied  theoretic^y  by  Bykov 
et  at,  Chan  et  at,  Chernysh  et  at,  Drozdov  et  at,  Khusid  and  Rabinovich,  Stepanov. 
Seplyarskii  reports  the  wave  theory  of  ignition  taking  into  account  the  transition  from 
heating  by  an  external  source  to  that  by  a  chemical  reaction.  Experimental  studies  of 
gas-phase  flame  characteristics  [D’yakov  et  at,  Fialkgv  et  at,  Shebeko  et  at)  and  solid 
propellant  ignition  and  combustion  {Bakhman  and  Lobanov,  Dudyrev  et  at,  Fernandez- 
Pello,.  Fogelzang  et  at,  Trofimov  et  at,  Zenin  and  Finjakov)  are  also  presented.  The 
comparative  study  of  various  metallized  fuel-rich,  propellants  for  future  air-breathing 
rocket  ramjets  and  currents  solid, propulsion  systems  is  suggested  by  Athawale  et  at 


A>  great  variety  of  contributions  is  naade  at  iSession  -S,  Diffusion  and  Hetero¬ 
geneous  Combustion.,  Two  revievy  papers,  by  Go/tsiAer  .e(  al.  and  Shevchuk  and 
Flor^o. present  sqme  liistorical  information  on,  the  development  of  this  field  of  science 
and  highlight  the  existence  of  various  mechanisms  of  ignition  and  flame  propagation  in 
heterogeneous  systems.  The  papers  by  Chuchalin  and  Wang  et  at  deal  with  modeling 


vi 


of  gas-phase  ^ffusibn  flames.  ReseMchers  fr6mfthfe^Kstitute*6f‘Ghemicail-Kiiieti'ctitod‘ 
Qjii^ysisp^oybsihiTsMilK^uikirid  *et  fakii-kdrzHavin-et^i)  ^nn'M^dtlj  "ZamdshcKikov 
e<iah')&reppf  t'%e/h'e#the6reticd  Imd '«peflfteht'ad^fesidtsV6'n  ■fiitf  atibnd '^H^'fliiidizihg 
c6mbjMtioh,«asswpU«'asih6ihbusti6n?of.'foamy.'‘stnicturjBS;^  ’  ' 

ignitionvand'  c6mbds^l:ioh^f%iihes«pM^hydTO'cMh6h  'drd0et-‘  (film)''Me^^^^^ 

BldskenUdi  -^iii'/and  k^  knd  Jdidsinsinif^it'kll  M%v^ez^6{*ipiBi^eTs''(BabukW 
aii,.  ’Ermdkdi}.~Mt'‘al!j  'MeirtkoKnykhdkfdvichidMi^GoUiihltger^  'kaldv  ^ei  -aU)‘  Real^'with 


(aluromuihj-ina^esiMrtV'e^^  ’■  .  ■  '  '  ‘  “  ' 

tstfdtov  6i  ai;  reppft  ^tKe'res^ts  ‘of'observationlsf'pf  -pbwRef 'combustion  'in  a  'test 
engine  under  conditionsfclose'to  its  sUbl^  bperatiohV  'Stninm  ct'd/l  study  the  properties 
ofsammowum- mtrate,tani oxidizer- inaexpiosives  and 'isolid^fbclcet' propellants;  Spedific 
features  of  SHS  waves  are  investigated  by  Aldushin  et  al,  Khusid  et  al,  Pivkind  and 
Frolov.'  '* 

Coal  combustion  is  theitopic  of  papcrs'by  fliWe,  Elpenn  and  Krasovitov,  Golovina 
et  al.,  Gremyachkin  ’and'Bvydhov,  Bdrtnsen:  eV al  Particulw  attention  is  paid  to  het¬ 
erogeneous  feactibhsiin  coal^particle  interidn  Korean  researchersj  Jvmg  et  al,  present 
the  resultsjof  investigations  of  waste  car  tire  utilization'by  means  of  burning  tire  jhips 
in>a‘ specially- designed'bumeri 


Session  4,  Turbulent  Combustion,  has  a  munber  of  noteworthy  contributions, 
Papers  by  Beretta  et  al.  and  Frost  ei  al  deal  with  the  pdf  approach  in  modeling 
turbulent  combustion'.  In  the  former  paper,  the  effect  of  temperature  fluctuations 
on*  NO  emission  in  turbulent  nonpremixed  gas  flames  is  studied  numerically.  In  the 
latter  paperj  the;  authors  analyze  the  pdf  transport  equation  for  a  simple-geometry 
diffusion  flame.  Lipatnikov  studies  ‘^heoretically  the  correlation  betweeh  the  turbulence 
and- preflame  auto-ignition  in  spark  ignition  engines.  Kdrpov  et  al  study  an  apparent 
paradox  arising  under  premixed  turbulent  conibustioh  of  specially  composed  mixtures. 

The  problein  of  large-area' fires  is  studied  by  Gdstintsev  et  al,  Kuhl  et  al  present 
the  results  of  direct  numerical  simulation  of  3D  turbulent  flow  fields  in  explosions, 

Boiihsov  et  al.  present  a  hew  model  describing  the  velocity  field  and  flame  shape 
for  the  helical  propagation  of  a  flame-front.  A  comparative  study  of  turbulence  models 
applied  to  confined  swirling  flows  is  made  by  Trinh.  Pulsed* Jet  Combustion  is  studied 
theoretically  by  Deifiovskii  et  al  (zero-dimensional  thejihochemical  model)  and  Frolov 
et  al.  (3D  computer  .simulation); 

In  Session  5,  Unsteady  Combustion,  Arkhipov  presents  a  review  of  studies  on 
active  control  of  burning  solid  propellant  charges.  Alexandrov  et  al.,  Filimonov  and 
Kidin,  Garbei  et  al,  and  Lissotchkih  cdntnhnte 'to  different  aspects -of  the  theory  of 
unsteady  propellant  combustion.  Mathematical  models  of  particidar  transient  phe¬ 
nomena  are  mggested  by  Bykov  and  Fushkaryeva  (continuous  stirred-tank  reactor), 
Kaptsov  and' Bykov  (reaction-difiusion  problem),  Cowperthwaite  (Lagrange’s  problem 
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yv?A;.>few^p»^ersAde{4vWith  differentijme^ 

,i5X^fo|{se;^amneifr^ct84lflojv;ijia|ter;^;^Mi^ng|;dUe.»t9tboy^cyn^ivem^^^ 
of'tHe  flame  ball;  Wheri'studyiri&/tK^|iyat^4yhMm'p,4nstiabili^  iflames, 

JI^;(nocw,s99ndudes«that';4onlmew  !stab|li3atibn‘?.pfrtlie;;mstab^^  to 

peep  iunder^'iCer.t^'.cgni^^^^^  Qai^b^y.  etn  oii  >■  .sttidy  'flMneV\)^iiaMng^  .in.  ia'  ’Weakly 

turj>ideii^;gas\jPoj)o,v,'applie8jia'2erp.rrangd>p,6,tenti^imeth6.d>td;#^^ 
flajng'Jfron|^§c5a/f<studie8;itheneffec,ti’9n;rfliraeosta.bnityvdfi,^  during 

chemical  tr^sfdrmation.  Rumahov  derives  the  cohditiohs.‘fbr  the  lOnsjat  .of. flame  self- 
oscillations*,  li^en.sahdy2ingKtherm{^;insJabiHty.'of4amedroht',.>5tr«nm  et  al.  observe 
transitipns  from;Onerhead>spintr.egimeitp.;chapticiregime  of^ 

iFirp^stPrm  Prigihatihgvdufihgilarge-areajfires.'is  numerically; realized  by  Goatintsev 
and.Ryzhqvi:  '  ,  •■  . 

A  new  method  of  abnormal  combustion  diagnostics  in  internal  combustion  engines 
is  suggestedfby.  CAac  ct,<.al.  A  spark, plug  ismsedjas  andpnization  probe  which  allows, 
together', ;ijy.ith<pr.e88ure  measurements, ..to,  identify.dsciUatory’  combustion  .phenomena. 
Afanqaiievcet  al,  irep.ort  experimental  results  om the  excitation  conditions  for  a'kinetic 
singing, flame,  jStej/in  and>5te/p»ok/i,analize. thermal  instability  for  the  system-  consist^ 
ing  of  the  rod  heater  surrounded  by  a  ceramic  layer.  They  predict  critical. phenomena 
caused  by  nonmonotonic  dependence  of  ceramic  thermal  conductivity  on  temperature. 


>  , .Section  . 6)  Detonation,  appeared  to  be  the  most  representative  by  the  number 
of, contributions,,  iZelldovichf  fundamental  ideas  serve  as  a  basis  for  continued  research 
in,;thi8  field:  of  combustion  science.  In  general,  ,  alljithe  contributions  can  be  subdi- 
vided.accprdingjto  the  following: topics:  Detona,tionJnitiaUonj  Propagation,  Structure, 
Properties  qfiDetonaiion  ProductSi  Applications, 

>,  The  papers  .on Detonation  Initiation  includeiboth  theoretical  and  experimental  con 
tributions.,  Shockvinitiation  of  condensed  high  explosives  (HE)  is, studied  hy  Chemyakev 
et  al.,  Gatilov,  et  al.,  Morozov  et  al.,  Plaksin‘  etiol,,  Wang  Zhiping  and  Wei  Yuzhdng; 
Ryabykhjei^cdr  use  fast  electrons  for  initiation,  .Dubovik  applies,  initiation  by  impact, 
Fapg\Qing^e:t  oi?  study  detonation  excitation  by  a  high* velocity  projectile.  Mechanisms 
of  detonation  initiation  in  gases  are  studied  in.a  number  of  papers*  £et>m  et  al.  present 
aitnumerical  sinnilation  of  direct  initiation  of  plane -and  cylindrical  detonation  waves. 
Vosi/jevj  using, a  high-velocity  blunt  body  for  initiating  detonation  in  oxyacetylene  mix¬ 
ture,  arrives  at  the  new  mechanism  of  ballistic  wave  transformation  to  detonation.  A 
few  papers  deal  with  the  experimental  verification  of  the  Zel’dovich  mechanism  of  spon¬ 
taneous, detonation  onset.  Chan  et  al.  repott.the.,results,  of  detonation  , initiation*  by 
focusing^a  sufflciently  weak  .shpck  wave  in  a  oxyhydrogenimixture.  For  creating  igni- 
tion.delay,  gradients  in  a  confljustible  mixture. Medvedev  et  al.  use  an  explosion  venting 
technique, -3^hile  Socket  et  al.  dilute  the  nuxture  nonuniformly  with  air.  An  alterna¬ 
tive  treatment  of  the  spontaneous  detonation  onset  is  suggested  by  Su^botin,  based  on 
experimental  observations  in  an  explosion  chwnber  with  a  periphery  crevice. 


;  jG,C)htributi6ns59a«VjMiousl4spectsr6f® etohatiohUB  ^DefiagratioS  Tr^sitidii’  (bbT ) 
problem  Me  eiiso  presented;  Ermolaev  ei  al:  suggest  a  ne#dxperimental‘'appr6‘acK=fo^ 
stud^mg'-DDT  incHEiMdisubst^tiaiteiltstheoreticaUj^^^JVbsfcSuj^et-t^,  'study'th^ 
of  ’•pfitlsentropic'iprpcesses^invaishbck-compressedrga's  (fesidtiiig  in  Static  temperature 
mtodmumfiriiarsupersom6ybbunda%2kyer)>onstbedoCatiohfbE"fe3^i6sibh>m'explbsioh’! 
Smirnov  et  al  report  the  results  of  numerical  simulation  and  experimental  observations 


of  DDT  phenomena  in  gases. 

T  Sppdfic  Jeatmesibf;Detbhatibn^Prbp'%atibh’M  various  me^a^are-studied-by  Bon- 
darehko::andp](eiihj  Swi^>CHengiiueivahU<'Gdd»Wfi^^^  Lie  et  dL  (hi- 

tr6meth^e:in)>porous^  medium),  i4«fahd«5(8prayidkbnatidh)5  -JfA‘oidtrtbv'  ond*  Veysstere 
(hybrid'^two-phase  mixtures)v®(?bW«^tctV«<'OE^  inixturesimjpbfbus  media)i  •P'resles 
eitidi  (purejgasebusimtromethanerbxygeh'mixture)?Gdd  Wehvet  o7.  and  ZKdd  Tohgku 
5t>a/..:studyCthe  problemfbfjdetbnatibn  difractibhi-  ^  ; 

■  Detonation*  Sfructureds^theftb'plc^of'pape'r's' by  .Fo&eei)  (detonation  cell  calcu¬ 
lations)',  Hetand  2)cei(substantiatioh'  for-the^hecessity-bf  transverse  waves  in  detonation' 


structure),  and  Vidal  etal  (2D  computer  simulation).  J?rshbu»  studies  theoretically  the 
structure  of  gaseous  detonation  under  conditions  of  very  high  frictional  losses  {e.g.,  in 
porous  raedimn).  Pinaev  reports  unique  experimental  results  on  ‘vacuum’  detonation, 
a  new  phenomenon  which  widens  our  knowledge  on  explosion  modes. 

Studies  of  detohatibri  products  properties,  such  as  electric  strength  and  conductiv¬ 
ity  {Chernyshev  and  Ivanov) ^  and  composition  ( Volk)  are  aimed  at  solution  of  applied 
problems.  Bityurin  et  al  and  Zhdan  et  al  present  experimental  findings  oriented 
at  detonation  applications.  Novikov  reviews  the  studies  on  Rarefaction  Shock  Waves 
(RSW),  first  predicted  by  Zel’dovich,  and  emphasizes  the  practical  significance  of  RSW 
collision  technique. 


Section  7,  Combustion  and  Detonation  Analogies,  presents  contributions  in 
which  the  methods  of  the  combustion  theory  are  applied  to  other  phenomena.  Various 
aspects  of  radiation  heat  transfer  are  studied  by  Andersen  and  Shon.  Borissov  et  al 
use  the  Zel’dovich  approach,  developed  for  studying  thermodiifusional  flame  instabil¬ 
ity,  for  modeling  detonation  structure.  Self-organization  phenomena  are  the  topics  of 
the  paper  by  Danilenko  and  Vladimirov.  Hari  et  al  apply  the  ideas  d.veloped  in  the 
combustion  theory  to  the  problem  of  convectional  dissipation  structures  in  a  horizontal 
layer  of  fluid  heated  from  below.  Processes  in  reactors  are  studied  by  Pushkin  and 
Rubanov  and  by  Ryabinin.  Fletcher  presents  the  review  of  theoretical  and  experimen¬ 
tal  studies  of  melt/water  explosions.  Physical  ideas  in  this  field  of  science  are  based 
on  the  theory  of  detonation.  In  line  with  this  topic  is  the  paper  by  Gostintsev  and 
Sukhanov.  Grigorjev  et  al  present  the  study  of  chemical  condensation  phenomena 
based  on  Prenkel-Zel’dovich  theory.  Varlamov  reviews  the  mechanisms  of  condensed 
phase  structure  formation  during  heterogeneous  solidification.  Thermal  bistability  of 
an  electric  circuit  consisting  of  two  resistors  is  studied  by  Rumanov  as  an  analogy 
of  smface  reaction  behavior  studied  by  Zel’dovich  and  Frank-Kamenetskii.  Khudyaev 
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EXTINCTION  PROPERTIES  OF  SMOKE  FROM  BURNING 

HEATING  OIL 

M.  Barrakaf*;  J-.  MvSpuii*,  C.  Breillat*,  J.  P.  Vantelon*, 

V,  G.  Knorre* 

*  Lahoratoire  de  Chimie  Physique  >de  Id  Combustion,  University  of  Poitiers  ,  Ecole  Nationale 
Superieure  de  Mecanique  et^dtMfotechnique,  Site  du  Fuiuroscope  —  BP  109,  Chasseneuil  du 
Poitou  —  86960  Futuroscope  Cedex,  France 

^Moscow  State  Technical  University  M ADI,  Leningradski  Prospekt  64,  Moscow,  125829  Russia 

The  production  of  smoke  by  fires  presents  a  major  risk.  In  addition  to  toxic  po¬ 
tential,  it  may  obscure  visibility,  often  impeding  action  or  escape.  Moreover,  its  con¬ 
stituents  c^  represent  a  radiating  medium  affecting  strongly  the  heat  flux  distribution 
in  the  suri?ntmdings.  The  former  aspect  is  rather  specific  and  is  dealt  with  appropriate 
procedures  based  on  chemical  and  biological  testing.  The  two  latter  aspects  lead  gen¬ 
erally  to  quantify  smoke  particulates  absorption  and  scattering  properties  through  the 
measurement  of  light  extinction  coefficients.  Nevertheless,  the  extinction  coefficient  is 
an  extensive  property  of  the  considered  medium  and  characterizing  is  not  sufficient. 
Thus,  it  can  be  rather  expressed  as  the  product  of  the  extinction  coefficient  per  unit 
mass  concentration  (termed  specific  extinction  area)  and  the  mass  concentration  of 
smoke  particle;  ke  —  <rC  [1].  This  quantity  cr  can  be  expressed  on  soot-mass  basis 
or,  or,  since  in  many  practical  application  the  mass  of  soot  is  not  obtained,  on  fuel- 
loss-mass  basis  (Tf,  Then,  in  open  systems,  aj  may  be  obtained  from  measurements 
of  extinction  coefficient  kg,  smoke  volume  flow  V ,  and  mass  loss  rate  of  fuel  m/,  i.e. 
at}  ~  ktVimf. 

Experiments  were  performed  at  a  laboratory  scale,  in  an  original  flow-through  sys¬ 
tem,  well  suited  for  the  measurements  of  interest  (Jb,,  V  and  m/),  and  ensuring  re¬ 
liability,  repeatability  and  possibility  to  conduct  tests  of  longer  duration  (Fig.  1). 
Ventilation  being  one  of  the  most  important  parameters  controlling  smoke  behavior 
and  properties,  a  confined  system  with  monitored  air  supply  was  used,  combustion 
being  always  fuel-controlled.  These  experiments,  with  limited  and  variable  ventilation 
conditions,  permitted  to  change  the  smoke  dilution,  i.e.  the  particle  concentration. 
Another  variable  parameter  was  the  wavelength  of  the  (visible  range)  laser  source  used 
for  extinction  measurements. 

Heating  oil  was  chosen  as  the  fuel  to  be  used  in  the  present  experiments.  It  gives  off 
substantial  amotmts  of  smoke  and  exhibits  a  fairly  constant  burning  behavior.  More¬ 
over,  it  is  a  fuel  commonly  used  and  often  involved  in  accidental  fires. 

It  was  possible  to  determine,  at  each  wavelength,  a  specific  extinction  area  <ry.  This 
quantity  appeared  to  be  independent  of  the  ventilation  conditions  (Fig.  2),  and  its 
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values  indicated  a  high  smoke  potential  of  the  heating  oil  (for  instance  about  1000 
m^kg~^  at  633  iuh).  This  is  consistent  with  fuel  chemical  nature  (large  proportion  of 
imsaturated.  and  aromatic  compounds). 

Concerning  the  wavelength  effect,  the  small-particle  limit  of  Mie  theory  can  be  ap¬ 
plied  to  shot,  and  the  results  showed  an  approximate  relationship  of  the  form  (Tf  = 
4.45  •  10®/A^‘®  with  A  expressed  in  nandmeters.  The  value  1.3  of  the  dispersion  coeffi¬ 
cient,  in  the  visible  range  of  the  spectrum,  is  consistent  with  the  hydrogen  content  in 
soot  (high  H/C  ratio). 

The  multi-wavelength  transmission  data  also  made  it  possible  to  determine  the 
soot  particle  size  [2]  and  therefore  the  yield  of ’smoke  (the  fraction  of  mass  loss  of  fuel 
converted  to  soot),  number  density  of  soot  particles  and  soot  particles  volume  fraction. 
For  the  small-particle  limit  of  Mie  theory,  the,  Rayleigh  approximation  can  be  applied; 

Tile 

Q,  =  Qa  =  24a  (^2  „  jb2  +  2)2  +4n2fc2)  =  24aFa(A), 

where  a  =  2irrjX,  and  n  and  k  eire,  respectively,  the  real  part  and  the  imaginary  part 
of  the  complex  refractive  index  m. 

The  ratio  of  the  two  extinction  coefficients  for  two  different  wavelengths  is  indepen¬ 
dent  of  the  particle  size  distribution,  so  that 

■^1  ^  XjFaiXi) 

Mi,RayUigh 

In  tne  large  particle  limit,  Qe  2  and  kgxjkex^  1;  then,  to  obtain  information 
on  the  particle  size,  a  normalized  extinction  coefficient  is  introduced: 

V..  _  fee  A, 7  fee  Aj  ~  1 

[feeA./feeA,-  " 

Figure  3  shows  the  evolution  of  tliis  ratio  as  a  function  of  the  mean  radius  of 
particles.  Referring  the  vedues  obtained  for  Cf  to  these  theoretical  curves  determines  the 
mean  radius  for  the  particles  of  interest.  Due  to  the  nonlinear  nature  of  the  normalized 
extinction  evolution  with  radius,  it  is  better  to  use  the  three  experimental  ratios  even 
though  only  two  of  them  are  independent. 

The  mean  particle  radius  r„,  deduced  is  approximately  0.035  /zm  and  agrees  with 
electron  microscopy  measurements. 

The  specific  extinction  area  erf  cein  be  further  expressed  as 

_  3eQe 

where  p,  is  the  soot  particle  density  and  e  the  yield  of  smoke  (fraction  of  the  mass  loss 
of  fuel  converted  to  soot). 
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Mean  radius  ofpardcks,  r„(  }im 

Figure  3:  Normalized  extinction  coefficient  ratio  as  a  function  of  the  mean  radius  of 
particles. 

Substituting  the  values  of  Qe/vm  calculated  as  above,  we  deduced  the  mean  value 
of  0.13  for  e.  The  niimber  density  of  soot  particles  and  the  soot  volume  fraction  were 
then  calculated,  showing  a  direct  proportionality  with  the  mass  flow  rate  of  air  supply. 

At  last,  the  specific  extinction  area  deduced  from  the  soot  mass  ((t,  =  tr//e  =  7700 
m*kg“^),  which  is  a  basic  concept  in  smoke  extinction  properties  normalization,  appears 
to  be  in  fairly  good  agreement  with  the  roughly  constant  values  generally  reported  for 
all  fuels  burning  in  the  flame  mode. 
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Introduction 

The  kinetic  schemes  employed  in  studying  combustion  processes  in  SI  engines  must 
take  into  account  the  phenomenological  features  typical  for  hydrocarbon  fuel  oxida¬ 
tion  at  high  pressures  and  moderate  temperatures.  This  implies  that  both  low-  and 
high-temperature  oxidation  mechanisms  should  be  incorporated  into  a  kinetic  scheme 
[1].  Combination  of  the  two  subschemes  can  provide  a  model  of  two-sta,  e  auto-ignition. 
Hydroceirbons  exhibiting  two-stage  auto-ignition  are  known  to  be  characterized  by  sub¬ 
stantial  widening  of  self-ignition  limits.  According  to  the  qualitative  analysis  [1]  and 
quantitative  estimations  [2],  abnormal  combustion  in  SI  engines  (‘knock’)  can  be  caused 
by  two-stage  autoignition  of  unburnt  mixture  pockets. 

This  paper  deals  with  a  new  detailed  reaction  mechanism  developed  for  studying 
autoignition  of  tso-octane,  n-heptane  and  their  mixtures  under  conditions  similar  to 
those  in  the  end  gas  of  SI  engines.  To  implement  the  mechanism  in  multidimensional 
fluid  dynamic  codes,  its  systematic  reduction  has  been  performed. 

Reaction  Mechanism 

Modeling  of  two-stage  autoignition  of  hydrocarbon  fuels  is  based  on  the  well-known 
principle  discussed  elsewhere  [1,3].  At  low  temperatures,  chain  branching  is  assumed 
to  proceed  via  alkil  peroxide  decomposition,  whereas  at  larger  temperatures  decompo¬ 
sition  of  hydrogen  peroxide  and  reactions  involving  formaldehyde  are  dominant.  With 
a  further  temperature  increase,  the  brainching  tends  to  proceed  mainly  through  the 
reaction  of  H  atom  with  oxygen.  The  transition  between  the  branching  mechanisms  is 
a  result  of  the  temperatme  increase  in  the  course  of  decomposition  of  the  alkil  peroxide 
radical  RO2. 

The  kinetic  mechanism  of  iso-octane  and  n-heptane  oxidation  includes  two  groups 
of  reactions. 

The  first  one  is  the  autoignition  group  including  29  reactions  involving  13  reac¬ 
tants.  The  autoignition  group  includes  reactions  describing  cool  flames  and  two-stage 
autoignition  at  certain  critical  values  of  Arrhenius  parameters.  It  includes  competing 
reactions  (specific  for  iso-octane  eind  n-heptane)  which  ensure  the  transition  between 
low-  to  high-temperature  oxidation  mechanisms.  In  addition,  a  few  empirical  reactions 
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aro-includlditd-reduceiGr.i^'d/Cl  ttd  Ci  and  G^’hydrpcarbons.  The  autoignition  sub- 
schemeiundef'cdriddefdtidn  diffeis  from  the'^sting  reaction  mech^sms,  although  the 
basic  steps  involved  are‘represehted''by  well-lcn6Tra‘ processes. 

The.seporid  group  of-reactipns  is  the >detciiled  mechanism  of  oxidation  of  Gi  and  G2 
hydrocarbons  contciining  255  reactionsdnvolying  30  reactants  [4].  In  the  present  paper, 
it  is  modified  for  the  use  at  high  initial  pressures. 

Validation  of  the  reaction  mechanism  was  performed  by  comparing  the  predicted 
autoignition  delay  times  to  the  available  measurement  data.  The  ignition  delay  times 
are  calculated  for  constant-volume  conditions. 


Figure  1:  Gomparison  of  predicted  (curves)  and  measured  (points)  ignition  delays  for 
stoichiometric  n-hepteme-iac-octane-air  mixtures  at  initial  pressure  15  bar.  1,  2  — 
n-heptane-air;  3,  4  —  40%  n-hepteme  +  60%  iao-octane-air;  5,  6  —  10%  n-heptane  + 
90%  tao-octane-air;  7,  8  —  iao-octane-air. 


6 


f 


I 


ZEL’DOVIGH  MEMOmAL;  ^  l^f  Septerrikr 


Validation 

To  compare  the  predicted  resiilts* to  the- measured  data,  experimental  studies  us¬ 
ing  rapid-compression  and  shock-tube  techniques  were  considered.  Of  interest  are  the 
experimental  conditions  close  to  those  in  the  end  gas  in  SI  engines,  namely,  the  temper¬ 
atures  600  K  <  T  <  1200  K,  the  pressures  15  bar  <  p  <  100  bar,  and  the  equivalence 
ratios  0.5  <  <f)  <  2i0. 

An  example  of  the  comparison  of  the  predicted  and  measmed  results  is  shown  in 
Fig.  1.  The  predicted  curves  are  compared  to  the  available  experimental  data  for  the 
ignition  delays  of  stoichiometric  mixtures  of  n-^heptane  (1,  2),  40%  n-heptane  -f  60% 
tjo-octane  (3,  4),  10%  n-heptane  +  90%  wo-octane  (5,  6)  and  tso-octane  (7,  8)  with 
air  at  the  initial  pressure  p  =  15  bar  over  a  wide  range  of  initial  temperatures. 

Figure  1  exhibits  a  significant  scatter  of  the  measured  results  for  iso-octane  (3 
groups  of  points:  Halstead  et  al,  Teichmann,  and  Fieweger  et  al)  and  for  n-heptane 
(5  groups;  Ciezki  et  al,  Teichmann,  Taylor  et  al,  Scheuermeyer  et  al,  and  Roegener). 
For  similar  initial  conditions,  the  ignition  delay  times  differ  by  a  factor  of  2  to  7. 
Moreover,  different  authors  observed  qualitatively  different  dependencies  of  Igr  vs.  1/T 
for  iso-octane.  The  discrepancies  observed  are  most  likely  due  to  the  difference  in 
experimental  and  measuring  techniques  and  the  definitions  of  ignition  delay  employed 
in  the  respective  studies. 

It  is  evident  that  the  iso-octane-air  nxixture  exhibits  longer  ignition  delays  than  the 
n-heptane-air  and  blended  fuel-air  mixtures.  The  difference  is  more  pronounced  at  low 
temperatures.  At  high  temperatures,  the  ignition  delays  for  different  fuel-air  mixtures 
become  close.  Clearly,  all  the  predicted  curves  are  5-shaped.  This  is  an  evidence  of 
two  oxidation  mechanisms  involved,  namely,  low-temperature  (T  <  700  K)  and  high- 
temperature  {T  >  900  K).  Between  these  temperature  ranges,  there  is  a  transition 
region  where  the  process  of  autoignition  is  two-staged. 

Mechanism  Reduction 

Implementation  of  a  reaction  mechanism  in  a  multidimensional  fluid  dynamic  code 
requires  reducing  it  to  the  shortest  possible  scheme.  The  reduction  procedure  employed 
has  been  reported  in  (5). 

The  use  of  the  procedure  resulted  in  developing  a  reduced  reaction  mechanism  in¬ 
cluding  21  reactions  involving  13  reactants.  This  mechanism  shows  a  good  agreement 
with  experimental  data  and  with  the  results  obtained  using  the  complete  reaction  mech¬ 
anism. 

Conclusion 

A  detailed  reaction  mechanism  has  been  developed  and  vaUdated  with  the  view 
of  studing  autoignition  of  iso-octane,  n-heptane  and  their  mixtures  in  air  in  a  wide 
range  of  initial  conditions  in  terms  of  temperature  (600-1200  K),  pressure  (15-100 
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bar),  eind  eqmv^llence  ratio  (0.5-2.0).  The  mechanism  includes  284  reactions  involving 
43  reactwts.  A  reduced  reaction  mechanism  including  21  reactions  among  13  reactants 
has  also  been  developed.  It  approximates,  with  a  good  accuracy,  the  results  of  detailed 
calculations,  based  on  the  cbniplete  reaction  mechanism,  within  the  ignition  delay  time. 
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THE  KINETIC  MODELING  OF  LAMINAR  FLAMES  OF  HjS  AND 

CS2 

V.  Ya.  Basevich,  V.  1.  Vedeneev,  V.  S.  Arutyunov 

Semenov  Institute  of  Chemical  Physics,  Kosygin  str.  4>  Moscow,  117977  Russia 

This  work  completes  the  first  stage  of  the  development  of  the  detailed  kinetic  mech- 
imisms  of  self-ignition  and  combustion  of  relatively  simple  sulphur- containing  gas-phase 
molecular  systems:  H-S-0  and  C-S-0.  Experimental  studies  of  gas-phase  hydrogen 
sulfide  oxidation  (H^S-0)  and  carbon  disulfide  oxidation  (C-S~0)  were  conducted  in 
a  number  of  works.  Some  of  these  works  were  reviewed  in  [1,  2],  where  detailed  kinetic 
mechanisms  of  these  processes  were  also  suggested  and  kinetic  simulation  of  self-ignition 


n 

t 


8 


ZEL’DOyiGHMEMORIALv  ^12-17;  September  1994 


Table  1:  Flame  propagation  velocities  w„  for  hydrogen  sul¬ 
fide/oxygen  ihixtures  at  P  =  1  atm. 


Mixture  (%) 

Un  (cm/s) 

HzS  O2  Ar  Nj 

Exp. 

Calc. 

293  K 

293  K  485  K  630  K  715  K 

5.1  13.9  81.0  — 

9.1 

4.3  5:9  11.3  13.5 

6.1  20.4  —  73.5 

8.0 

1.8  2.5  5.0 

in  these  systems  was  carried  out.  In  this  work  we  compare  the  results  of  computations 
of  laminar  flames  in  hydrogen  sulfide  and  carbon  disrdfide  with  experimental  data. 

One-dimensional  steady  (propagation  of  laminar  flame  was  described  by  the  stan¬ 
dard  set  of  equations  [3]  with  boundary  conditions  similar  to  those  in  [4].  The  kinetic 
mecharusms  for  both  H-S-0  and  C-S-0  systems  were  supplemented  with  the  missing 
backward  reactions.  The  Arrhenius  parameters  of  backward  reactions  were  calculated 
using  the  respective  equilibrium  constants.  Apart  from  that,  some  rate  constants  were 
updated  by  [5]. 

Hydrogen  Sulfide  Oxidation  (H-S-0  system) 

In  tliis  case,  the  primary  kinetic  mechanism  [1],  after  introducing  additional  back¬ 
ward  reactions,  was  reduced  to  146  reactions  (104  forward  and  42  backward  reactions) 
and  22  particles.  It  was  done  as  proposed  in  [6]  without  significant  loss  of  accuracy. 
This  set  of  differential  equations  was  solved  using  the  standard  program  [7].  The  ac¬ 
curacy  of  the  reaction  rates  of  the  majority  of  elementary  reactions  in  this  mechanism 
being  within  the  factor  2-5,  the  same  accuracy  may  be  expected  for  these  calculations. 

The  predictions  were  compared  with  the  experimental  results  of  [8].  Table  1  shows 
that  the  laminar  flame  velocities  calculated  at  the  initial  temperature  To  =  293  K  are 
substeintially  lower  than  the  experimental  values.  It  is  well  known  that  a  metal  grid 
used  to  stabilize  a  flat  flame  affects  its  parameters.  The  most  important  factor  is  the 
heat  transfer  from  the  heated  grid  to  the  fresh  gas  mixture,  which  changes  the  initied 
gas  temperature.  The  computations  were  made  for  various  values  of  To  down  to  the 
minimum  temperature  measured  in  [8]  by  a  thermocouple  in  the  vicinity  of  metal  grid. 
The  final  temperature  was  kept  constant  by  adjusting  the  value  of  specific  heat  used 
in  computations.  It  is  evident  that  experimental  values  are  within  the  predicted  region 
for  Ar-diluted  mixtures  and  close  to  the  calculated  values  for  N2-diluted  mixtures. 

Carbon  Disulfide  Oxidation  (C-S-O  system) 

In  this  case,  the  mechanism  was  simpler  (2],  so  there  was  no  need  to  reduce  it. 
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Figure  1:  The  pressure  dependence  of  flame  velocity  and  reaction  zone  width  in  carbon 
disulfide  flame  (To  =  293  K,  (CSajo  =  2.2%,  (Oajo  =  20.5%,  [N2]  =  77.3%). 

The  numerical  results  of  calculations  were  also  compared  with  flat  flame  experiments 
(9).  To  obtain  satisfactory  agreement  it  was  necessary  to  change  only  the  rate  constant 
of  termination  reaction  SO  +  O2  +  M  =  SO3  --  M,  which  had  to  be  equal  or  lower 
than  ko  =  5  •  10^  1^/mole^s  at  zero  activation  energy.  Figure  1  shows  the  pressure 
dependencies  of  calculated  and  experimental  normal  flame  velocities  and  the  reaction 
zone  widths.  The  correspondence  is  satisfactory  for  both  curves. 
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AUTOIGNITION  OF  CH4/O2/AR  MIXTURES:  THE  EFFECT  OF 

HYDROGEN  PEROXIDE 

C.  Bruno*,  V.  I.  Golovitchev^  M.  L.  Pilia* 

"Dip.  Meccanica  e  Aeronautica,  UniversUd,  di  Roma  I,  Roma,  Italy 
*  CRS4  Research  Center,  Cagliari,  Italy 


Control  of  ignition  processes  by  addition  of  promoters  to  the  combustible  mixtures 
is  an  increasingly  interesting  method  for  improving  the  performance  of  practical  com¬ 
bustion  systems  [1].  Compounds  used  as  the  promoters  (additives  reducing  ignition 
delay  time)  include  free  radicals,  nitrogen  oxides,  peroxides,  etc.  The  purpose  of  this 
study  is  to  investigate  the  effects  of  hydrogen  peroxide,  H2O2,  on  the  ignition  delay 
times  for  CH4/02/Ar  mixtures.  This  a  mixture  was  ch'^sen  because  reliable  experi¬ 
mental  data  on  ignition  delay  times  for  promoter-free  mixtures  are  available  from  [2]. 
In  this  paper,  other  additives,  such  as  Ho  and  CsHg,  were  also  investigated.  Strictly 
speaking,  they  can  be  considered  as  easily  ignitable  fuels  rather  than  promoters.  Their 
influence  can  be  explained  on  a  thermal  basis,  while  H2O2  primarily  acts  as  a  gaseous 
catalyst. 

The  ignition  delay  time  is  related  to  the  “latent  period”  of  a  premixed  combustion 
process,  when  temperature  remains  nearly  constant.  The  mixture  components,  how¬ 
ever,  may  undergo  substantial  charges.  In  this  study,  a  computer  model  [3]  was  used 
to  predict  the  mixture  pareuneters  as  functions  of  time,  and  the  ignition  delay  time  was 
defined  as  the  time  at  which  the  rate  of  temperature  rise  sharply  increases  (the  point 
of  inflection). 
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Table  ,  i;  The.reactioii  .nlechahism  6f  .CH4/P2/Ar  mixtures 


Reaction 

Cf 

Mi 

,  CH3+  H  +M 

CH4  +:M .  , 

s.ooMo^r 

-3;00 

0- 

all  components 

CH4+  P  2 

?=i 

CH44'  H02-  ' '■ 

•7;90-/l0^^ 

'  0.00^ 

56000; 

— 

CH4-!-H  . 

CH3+  Ha 

2;20  •  10"^ 

3.00 

.  8750. 

;CH3+PH= 

CHa+.HaP 

•1.60 -.10?? 

■v2.10 

,2460. 

'  — 

CH4+  P  .  , 

CH3+  OH 

1.02-10*'^ 

1.50 

8604. 

— 

GH4+  H2P 

CH3+  H2O2 

1.80.10“ 

0.00 

18700. 

-- 

CH3+  P 

CH2O  +  H 

8.00 -10'^ 

00 

0. 

— 

CH3+  OH 

CH3+  H3O 

7.50.  lO"''* 

2.0 

5000. 

— 

CH3+  H 

7=^ 

CH2+  Ha 

9.00.10^^ 

00 

15100. 

— 

CH2+  H 

CH  +  H2 

1.00 . 10^** 

-1.56 

0. 

— 

CH2+  OH 

CH  +  H2O 

1.13 . 10^' 

2.0 

3000. 

— 

CH2+  OH 

CH2O  +  H 

2.50 . 10^3 

0.0 

0. 

— 

CH  +  Oj 

HCO  +  0 

TaFTcF" 

0.0 

0. 

— 

CH  +  0 

;=± 

CO  +  H 

5.70 . 10^^ 

0.0 

0. 

— 

CH  +  OH 

T— • 

HCO  +  H 

3.00.10*3 

0.0 

0. 

— 

CH  +  CO2 

HCO  +  CO 

3.40 . 10^“ 

0.0 

690. 

— 

CH  +  H2O 

CHaO  +  H 

1.17  .lO*® 

-0.75 

0. 

— 

CH2+  CO2 

CH3O  +  CO 

1.10.10“ 

0.0 

1000. 

— 

CH2+  0 

T=i 

CO  +  H  +  H 

5.00 . 10^^ 

0.0 

0. 

— 

CH2+  0 

CO  +  Ha 

3.00.10*3 

0.0 

0. 

— 

CH2+  03 

—a 

CO2+  H  +  H 

1.60 . 10**~ 

0.0 

1000. 

— 

CH2+  03 

— i 

CHaO  +  0 

5.00 . 10*3 

0.0 

9000. 

— 

CH3+  Oj 

;=i 

«JOa+  Ha 

6.90.10** 

0.0 

500. 

— 

CH2+  02 

CO  +  HaO 

1.90.10*“ 

0.0 

-1000. 

— 

CH2+  Oj 

CO  +  OH  +  H 

8.60 . 10*** 

0.0 

-500. 

— 

CH}*!"  O3 

HCO  +  OH 

4.30.10*“ 

0.0 

-500. 

— 

CH3+  OH 

a 

HCO  +  HaO 

3.43 . 10““ 

1.18 

-447. 

— 

CH2O  +  H 

HCO  +  Ha 

2.19.10“** 

1.77 

3000. 

— 

CH2O  +M 

HCO  +  H  +M 

3.31.  lO**^ 

0.0 

81000. 

all  components 

CHjO  +  0 

HCO  +  OH 

1.80.10*3 

0.0 

3030. 

— 

HCO  +  OH 

HaO  +  CO 

1.00.10*^ 

0.0 

0. 

— 

HCO  +M 

H  +  CO  +M 

2.50-10*’ 

0.0 

16802. 

all  components 

HCO  +  H 

CO  +  Ha 

1.19-10*3 

0.25 

0. 

— 

Each  of  Nr  elementriry  chemical  reactions  involving  iV,  species  are  represented  in 
the  general  form 

j  r  =  i.iv, 

,=1  ,=i 

where  represents  one  mole  of  s-species,  and  j/"  are  the  stoichiometric  coefficients, 
kf  and  kl  are  the  rate  coefficients  for  forward  and  backward  stages  of  the  r-th  reaction 
and  are  used  in  the  generalized  Arrhenius  form 

k'f  =  ar^T^hx^i-ToTf/T), 
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Table  1>  (continued) 


Reaction 

Cf 

Mi 

HCO  +  0 

CO'-bOH 

3.pai-10^^' 

’  Q.oo 

,0. 

— 

HCO  +  0 

Cp2-b  H 

ido  •  10^^ 

0.00 

0. 

— 

HCO  +  O2 

H02-b  CO 

3.30-10^2 

-0.40 

0. 

— 

CO  -b  0  -fAf 

COa-bM'  " 

6J7*10^^ 

0.0' 

3000. 

all  components 

CO  +  OH 

T*“ 

COa-b  H 

1.51 .  lO*^!,. 

1.30 

-758. 

— 

CO  -b  02 

C024"  0 

1.60.- 10^^: 

0.00' 

41000. 

— 

HO3+  CO 

COa  -b  OH 

5.80-10^^ 

0.0 

22934. 

— 

,eH3-b.GH4 

PHa.-b  CH3  . 

_4,00  •  10.1^ 

,.p.0 

0. 

~ 

CHst}-  Oj 

CO  -b.  OH  +  H 

3!bo,.io>^ 

,0.0 

0. 

— 

,CH2+  H3. 

chh.h 

7.00-10'3 

.  O.p 

0. 

— 

CH2-b  H 

CHa-b.H 

2.00  •  10,*^ 

p.o 

0. 

— 

H2  -b  O2 

OH  -b  OH 

1.70  •  10^3 

0.0 

47780. 

— 

H2  -b  OH 

HaO  +  H 

U7-10'*^ 

1.30 

3626. 

— 

O-bOH 

Oa-bH 

4.00  i  10^' 

-0.5 

0. 

— 

0  -b  H2 

T— • 

OH  -b  H 

5.06  •  10*^< 

2.67 

6290. 

— 

H  -b  O2  -b  Mi 

HOa  -b  Mi 

3.61  •  10‘" 

-0.72 

3590. 

all  components 

OH  -b  H2O 

HaO  -b  O2 

7.50  •  10“ 

0.0 

0. 

— 

H  -b  HO2 

T=i 

OH  -b  OH 

1.40 . 10^* 

0.0 

1073. 

— 

0  -b  HO2 

O3  -bOH 

1.40-10^'* 

0.0 

1073. 

— 

OH-b  OH 

0  -b  HaO 

6.00  •  lO'*® 

1.3 

0. 

— 

H-bH-bM 

Ha  +M 

i.OO  •  10^® 

-1.00 

0. 

all  components 

H  -b  OH  -bM 

HaO  -bM 

1.60  •  lO’'*^ 

-2.00 

0. 

all  components 

H  -b  0  -bM 

OH  -bM 

6.20  •  lO'** 

-0.60 

0. 

all  components 

0  -b  0  -bM 

T-“ 

Oa  -b  M 

1.89 -lO*^ 

0.0 

-1788. 

all  components 

H  -b  HO2 

Ha  -b  Oa 

1.25 -TO^^ 

0.0 

0. 

— 

H02-b  HO2 

HaOa-b  O3 

2.00  •  10^^ 

0.0 

0. 

— 

H02-bM 

;=i 

OH  -b  OH  -bM 

1.30  •  10^' 

0.0 

45500. 

all  components 

H202-b  H 

HOa-b  Ha 

1.60  •  10^'“* 

0.0 

3800. 

— 

H302-b  OH 

HaO  -b  HOa 

1.0  -10^^ 

0.0 

1800. 

— 

H  -b  HO2 

0  -b  HaO 

TIFTP^ 

0.0 

3590. 

— 

H  -b  OH  -bM 

HOa  -b  M 

1.0-10“^ 

0.0 

0. 

all  components 

H202-b  H 

HaO  -b  OH 

1.0 -10^^ 

0.0 

3590. 

— 

Reaction  rates  coefficients  ate  given  in  (cm^mol”^s“'],  is  the  third  body. 


kl  =  alT<lex^{-Tal/T). 

The  reaction  rate  parameters  C*^!  Ta’’,  listed  in  Table  1,  are  taken  mainly 

from  [4],  The  mechanism  was  “tuned"  to  high  temperature  conditions  and  the  pressure- 
dependent  nature  of  the  “fall-off”  reactions  [1]  was  neglected. 

The  mathematical  model  designed  to  describe  the  time  evolution  of  reacting  mix¬ 
tures  parameters,  in  an  adiabatic,  constant-pressure  environment,  is  formulated  as  an 
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initial  value  problem  for  the  set  of  ordinary  differential  equations  (ODEs) 


dyi 

dt 


r=l 


\yi)t=Q=>yh  }  = 

N, 

i=l  , 

Here  H,  hi{T)  are  the  total  enthiJpy  and  enthalpies  of  i-species,  respectively.  Mwi 
is  the  i-th  molecular  mass,  T  is  the:  temperaturiBi  and  the  variable  d>r  is  the  rate  of 
the  r-th  reaction  defined  in  terms  of  the  mass  action  ArAenius  kinetics.  The  steady- 
state  point  in  the  calculations  corresponds  to  the  equilibrium  state.  Since  the  time 
required' to  reach  an  equilibrium  generally  exceeds  by  several  orders  of  magnitude  the 
characteristic  times  associated  with  the  fastest  reactions,  the  initial  value  problem  must 
be  solved  by  methods  suitable  for  so-called  “stiff’  ODEs. 

To  integrate  niunerically  the  set  of  “stiff’  ODEs,  a  linear,  multi-step  method  devel¬ 
oped  by  Gear  was  used.  The  ignition  delays  were  first  compared  with  the  experimental 
data  for  additive-free  CH4/02/Ar  mixtures  [2].  This  comparison  was  performed  to  as¬ 
sess  the  accuracy  of  the  kinetic  mechanism  in  the  absence  of  additives.  A  satisfactory 
agreement  with  the  experimental  data  for  the  selected  series  IB,  10,  2B,  4A  is  clearly 
demonstrated  in  Figs.  1-4.  The  results  for  CH4/02/Ar  mixtures  in  the  presence  of 
hydrogen  peroxide  (in  molar  percentage)  shows  a  substantial  monotonic  reduction  of 
ignition  delay  times,  which  is  a  new  finding.  Hydrogen  peroxide  has  proved  to  be  more 
efficient  than,  for  example,  H2,  as  can  be  seen  in  Fig.  4.  Hydrogen  peroxide,  like  most 
of  the  promoters,  decomposes  quickly  via 


H2O2  +  M  ^on  +  on  +  M, 


thereby  introducing  free  radicals  OH  into  the  mixture  and  accelerating  the  chain  re¬ 
actions  as  a  gas-phase  catalyst.  In  this  case,  the  H  and  OH  distributions  exhibit  two 
peaks:  the  first  one  is  rehted  to  H2O2  decomposition,  and  the  second  one  to  the  com¬ 
bustion  of  the  main  fuel. 

This  is  why  the  definition  of  ignition  delay  time  by  H  and  OH  peaks  is  not  adequate. 
These  results  indicate  that  moderate  H2O2  addition  reduces  delay  times  by  about  one 
order  of  magnitude  in  the  temperature  (1525-2025  K)  and  the  pressure  (2.55-13.01 
atm)  ranges  of  the  experiments  in  [2].  These  effects  can  be  used  to  shorten  methane/ air 
flames. 
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Figure  1:  Effect  of  H3O3  on  CH4/03/Ar 
mixtures  ignition  delay  times  and  compar¬ 
ison  with  experimental  (additive-free)  data 
(Lifshitz,  A.,  et  ah,  Comb,  and  Flame.  16, 
311,  1971). 

0  computed  results 
4  experimental  data,  IB  series 
O  computed  results,  H3O3  =  5%  CH4 
□  computed  results,  H3O3  =  10%  CH4 


Figure  3:  Effect  of  H303  on  CH4/03/Ar 
mixtures  ignition  delay  times  and  compari¬ 
son  with  experimental  (additive-free)  data. 


^  computed  results 
4  experimental  data,  2B  series 
O  computed  results,  H3O3  =  5%  CH4 
□  computed  results,  11303  =  10%  CH4 


Figure  2:  Effect  of  E3O3  on  CU^IOzIht 
mixtures  ignition  delay  times  and  compari¬ 
son  with  experimental  (additive-free)  data. 
0  computed  results 
4  experimental  data,  1C  series 
O  computed  results,  H3O3  =  5%  CH4 
□  computed  results,  H302  =  10%  CH4 


Figure  4.  Effect  of  H2O2  on  CH4/03/Ar 
mixtures  ignition  delay  times  and  compari¬ 
son  with  experimental  data  (additive:  H3). 
0  computed  results 
4  experimental  data,  4A  series 
O  computed  results,  H2O2  =  5%  CH4 
□  computed  results,  H2O3  =  10%  CH4 
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DEVELOPMENT  OF  THE  CHEMICAL  KINETICS  FOR  AN 
IONIC  MECHANISM  OF  SOOT  FORMATION  IN  FLAMES 

H.  F.  Calcote,  R.  J.  Gill 

AeroChem  Research  Lahoratories,  Inc, 

P.O,  Box  12,  Princeton,  NJ  08542  USA 

At  soot  threshold  the  only  property  of  the  flame  that  changes  is  the  character  of  the 
flame  ions.  Small  ions  increase  to  large  ions.  The  basic  premise  of  the  ionic  mechanism 
of  soot  formation  is  that  the  chemiion  HCO"^  grows  to  a  very  large  size  to  become 
an  incipient  soot  particle  of  about  500  to  1,000  A.  To  model  the  ionic  mechanism  it 
is  necessary  to  develop  a  kinetic  scheme  involving  chemiionization  (source  of  original 
ions),  ion-molecule  reactions  (ion  growth  mechanism),  ion-electron  recombination  (re¬ 
moval  of  ions),  and  ion  diffusion.  For  a  refined  mechanism,  ion  oxidation,  electron 
attachment,  and  cation-anion  recombination  should  be  included.  Modeling  this  pro¬ 
cess  is  complicated  by  the  lack  of  thermodynamic  and  kinetic  data  on  ionic  reactions 
at  flame  temperatures  and  for  large  ions.  We  have  therefore  set  out  to  determine  the 
required  data.  In  this  presentation  we  discuss  the  development  of  the  chemical  kinetic 
data  base;  the  thermodynamic  development  and  application  to  a  specific  flame  are 
presented  elsewhere.  The  philosophy  has  been  to  obtain  reasonable  values  and  make 
reeisor.able  assumptions  to  compare  with  experimental  data.  If  reasonable  agreement 
is  obtained,  the  estimates  and  assumptions  will  be  refined. 

Electronically  excited  CH*  reacts  with  an  oxygen  atom  to  produce  the  chemiion 
HCO'*',  which,  through  a  series  of  ion-molecule  reactions,  produces  C3H3  ,  an  ion  which 
is  observed  in  large  concentrations  in  fuel  rich  and  sooting  flames.  This  ion  then  reactv. 
with  several  small  neutral  species,  e.g.  C2H2,  C4H2,  C3H3  and  allene,  to  produce  larger 
ions  which  continue  to  grow  tlvough  a  series  of  ion-molecule  reactions  producing  larger 
and  larger  ions.  Simultanecuslj',  as  the  ions  grow  they  are  neutredized  by  react.mg  with 
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electrons  or  anions,  producing  neutral  by-product  polycyclic  aromatic  hydrocarbons, 
that  caa  continue  to  grow  to  soot  through  the  “free  radical  mechanism”.  These’neutral 
reactions  probably  play  only  a  minor  role. 

in  developing  this  mechanism  only  ionic  species  which  have  been  observed  in  flames 
have  been  included  and  all  observed  ions  have  been  accounted  for,  This  is  a  more 
stringent  constraint  than  has  been  applied  to  the  free  radical  mechanism.  Selected 
reaction  rate  coefficients  are  presented  in  Table  1. 

Ion-Molecule  Reactions:  When  available,  experiment^  rate  coefficients  were 
used,  but  these  are  available  only  for  srnall  ions.  In  general,  experimental  rates  are 
very  close  to  the  rate  calculated  by  the  average  dipole  orientation,  ADO,  theory: 


2xc 


a. 


1/2 


C^iD  ^ 


tkTj 


1/2' 


(1) 


where,  fi  is  the  reduced  mass,  a  is  the  polarizability  of  the  neutral  reactant,  C  is  a 
locking  constant  and  fij)  is  the  dipole  moment  of  the  neutral  reactant.  For  nonpolar 
species  such  as  C2H2,  C4H2  and  sdlene,  the  major  neutral  growth  species  in  the  ionic 
model,  Eq.(l)  reduces  to  the  Langevin  equation  which  .does  not  have  a  temperature 
coefficient.  For  polar  species  such  as  C3H3,  propargyl  radical;  the  increased  rate  due 
to  the  dipole  is  small  at  flame  temperatures  (about  26%)  so  the  dipole  term  in  Eq.(l) 
is  neglected. 

In  the  Langevin  theory,  the  ion  is  treated  as  a  point  charge.  This  is  not  realistic  for 
large  ions.  We  have  thus  extended  the  Langevin  theory  to  consider  the  finite  dimensions 
of  the  ion.  The  ion  is  considered  as  a  conducting  sphere  of  finite  radius,  for  which,  in 
free  space,  the  charge  is  uniformly  distributed  over  the  surface.  When  a  polarizable 
neutral  molecule  approaches  an  ion,  under  the  influence  of  the  ion  electric  field,  it 
becomes  a  dipole.  This  acts  to  redistribute  the  surface  charge  on  the  ion  and  increases 
the  electric  field  strength  between  the  neutral  and  the  ion.  To  apply  the  extended 
Langevin  theory  to  our  set  of  reactions,  we  fit  the  results  of  a  detailed  calculation  to 
estimate  the  A  and  n  terms  in  the  classical  Arrhenius  equation. 

The  size  of  the  ions  was  deduced  from  experimental  ion  mobility,  k,  data  and 
Langevin ’s  ion  mobility  equation: 


A 


(2) 


where  M  is  the  MW  of  the  neutral  and  m  is  the  MW  of  the  ion,  Sr  is  the  relative 
permittivity  of  the  neutral  and  p  is  the  gas  density  and  A  is  a  complicated  function 
of  pressure.  The  ion  diameters,  d  (in  A),  are  related  to  ion  mass  by  the  empirical 
equation: 

ln(d)  =  -1.375  +  2.154in(ln(Tn))  (3) 

The  correlation  coefficient  for  this  equation  was  0.999. 
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Cs 

CjH 

CH* 

CH* 


HCO+ 

HCO+ 

HCO+ 

C3H+ 

C3H3+ 

C3H3+ 

C5H3H+ 

CxoHfi 

C20H+i 

C21H+ 

C23H+ 


H3O+ 

HCO+ 

C3H+ 

C5H3H+ 

CHH8H3+ 

C23H+ 


Table  1:  Selected'reactiori  rate  coefRcidnts; 

(K,'kJ,  moles,  cm®, 's) 

Gs'HJ  linear;  H3CJ  cyclic;  G3H4  =  allene;'H;,,C+,  etc. 

represent  isomehs  of  the  same  ion. 


Chemiionization  Reactions  ^ 


+ 

OH 

CH* 

+ 

CO 

3.4E+12 

0 

0 

+ 

O2 

CH* 

+ 

CO2 

4.5E+'15 

0 

105 

CH 

1.7E+06 

0 

0 

+ 

0 

HCO+ 

+ 

e 

4.8E+14 

0 

0 

Ion-Molecule  Reactions 

+ 

HjO 

= 

H3O+ 

+ 

CO 

1.9E+15 

0 

0 

+ 

C2H-. 

CaHa 

+ 

CO 

8.1E+i3 

0.31 

0 

+ 

C3H4 

=5 

H3C3+ 

+ 

H2 

+  CO  8.1E+13 

0.31 

0 

+ 

M 

H3C3+ 

+ 

M 

8.6E+13 

0.31 

0 

+ 

C2H3 

= 

C5H2H+ 

+ 

H3 

8.6B+13 

0.31 

0 

+ 

C4H3 

c*. 

C5H2H+ 

+ 

C2H2 

7.3B+13 

0.31 

0 

+ 

C3H4 

2S 

H5C+ 

+ 

C2H2 

9.5B+13 

0.31 

0 

+ 

C2H3 

= 

C21H+ 

+ 

Ha 

1.3E+14 

0.32 

0 

+ 

C2H2 

C22H+3 

1.3E+14 

0.32 

0 

+ 

C3H2 

C23Hi3H+ 

1.3E+14 

0.32 

0 

+ 

C2H2 

C34H+3 

+ 

Ho 

1.3E+14 

0.33 

0 

Ipn-Electron  Recombination  Reactions 

+ 

e 

H2O 

+ 

H 

1.3E+19 

-0.5 

0 

+ 

e 

—4 

CO 

+ 

H 

7.4E+18 

-0.68 

0 

+ 

e 

-4 

C3H2 

+ 

CH 

l.lE+19 

-0.5 

0 

+ 

e 

C2H 

+ 

C3H2 

1.3B+19 

-0.5 

0 

+ 

e 

C14H10 

+ 

H 

2.1B+19 

-0.5 

0 

+ 

e 

—4 

+ 

CH 

2.5E+19 

-0.5 

0 
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The  L^gevin  equation  accounts  only  for  the  number  of  collisions,  it  does  not  in¬ 
clude  cqUisiph  efficiency.  There  is  considerable  evidence  ffiat  the  rate  of  ion-molecule 
reactldhs  is"  directly  proportional  to^the  exothermitity  of  the  reaction,  —AHf,  this  is 
used  in  weighting  the  paths  iii'C  intdti-path  reaction..  , 

One  of  the  major  problems  in  working  with  large  ions  is  their  identification;  mass 
spectrometry  gives  mass  pnly’  and-tfie  number  of scafbon:-and.;hydrogen  atoms  has  been 
determined  by  the  use  of  isotopes.  Thus  .for  a  given  molecular  formula  there  can  be 
several  isomeric  struct.ures,.  We  thus  include  isomers  in  the.reaction  scheme  when  their 
free  energies,  of  formation  are  close..  Reactions  are  sdway?  written  toward  increasing 
molecular  size;  thus  the  free  energy  of  reaction  becomes  more  positive  as  the  temper¬ 
ature  is  increased.  The  forward  reaction  rate  coefficient  is  limited  so  that  the  reverse 
reaction'  never  exceeds  the  'Extended  Langevin  fate. 

loh-Electron  Recothhination:  The  ions  disappear  by  either  cation-electron  or 
cation-aiiion  dissociative  fecohibination.  Cation  recombination  rate  coefficients  with 
aniorls  we  about  two  orders  of  magnitude  lower  than  with  electrons.  Further,  anion 
concentrations  which  have  beeii  measured  are  about  two  orders  of  magnitude  smaller 
than  electron  concentrations  but  there  are  no  good  measurements  of  electron  or  anion 
concentrations  in  sooting  flames.  There  is,  however,  evidence  for  the  presence  of  large 
anions  in  sooting  flames.  Aiiions  are  neglected  for  the  present. 

In  choosing  product  channels  for  the  large  cation-electron  dissociative  recombi¬ 
nation  reactions,  only  molecules  observed  in  sooting  flames  have  been  considered  as 
products.  Reaction  rate  coefficients  for  cation-electron  reactions  are  not  strongly  tem- 
peratrire  dependent,  but  do  increase  with  the  size  of  the  ion. 

The  rate  of  ion  recombination,  a,  is  estimated  by  the  equation  for  the  rate  of 
collision  of  electrons  with  particles: 


4  Virm*/  \ 


{2neod)kT 


in  which  d  =  the  ion  dieimeter,  me  =  the  electron  mass,  and  £o  =  permittivity  of  free 
space.  The  ion  diameters  were  calculated  as  described  above.  Equation  (4)  gives  a 
temperature  dependence  which  compares  favorably  with  experiments  for  HsO"*". 
The  values  Ccdculated  by  Eq.  (4)  were  about  twice  the  measured  values,  so  the  cal¬ 
culated  values  were  divided  by  2.  If  there  is  an  error  in  our  recombination  rates  it  is 
probably  on  the  high  side. 
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EEIeCTS  pF  REMOVAL  WITH  PULSE  STREAMER. 
CORONA  I)ISCHARGE 

J.  Oi  Chae*,  G.- Vasiliev*,  D.  S;  Hah^,  S.  G.  Chung^  Y.  S.  Jeong* 

*  Depi.  of  Mech,  Eng.,  Inha  Univ.,  Inchon,  Korea 
^Insi,,  Heat  aha  Mass  Tihnsfer,  Minsk,  Byeloufussia 
^Depi,  of  Mech.  Eng.,  Graduate  school.  Inha  Univ.,  Inchon,  Korea 

It  is  very  important  to  investigate,  the  removal  of  the  emission  of  air  pollutants 
caused  by  the  recent  increase  in  energy  demand,  especially  NO*,  which  results  from 
the  combustion  of  fossil  fuels  and  gives  rise  to  the  photochemical  smog  and  acid  rains 
destroying  the  ecosystem.  Therefore,  the  advanced  technologies  of  NO*  removal  must 
be  urgently  developed.  The  advanced  technology  of  Pulsed  Streamer  Corona  (refer  to 
as  PSC)  discharge  removes  air  pollutants  by  a  high  voltage  pixlse  and  a  corona  discharge 
which  forms  a  current  channel  of  brushlike  structure  in  the  reactor. 

In  this  study,  this  advanced  technology  was  investigated  as  concerns  the  effects  of 
NO*  removal  and  parametric  screening  studies.  The  PSC  discharge  used  for  aftertreat¬ 
ment  is  a  possible  candidate  as  an  advanced  technology  for  NO*  removal. 

The  results  of  this  study  are  as  follows: 

1.  The  NO  contained  in  streamer  gases  is  converted  to  NOj  by  oxidation  and  is  to 
be  decomposed  mainly  to  nitrogen  and  oxygen  for  NO*  removal. 

2.  The  NO*  concentration  is  maintained  at  a  lower  value  through  higher  input  power, 
although  it  is  drastically  decreased  with  earlier  power  input,  and  there  is  an  opti- 
m\un  point  in  terms  of  input  power  or  residence  time  for  NO*  removals  depending 
on  the  NO  concentration  in  mixture. 

3.  It  is  very  efficient  to  increase  the  input  frequency  for  NO*  removal,  since  NO 
concentration  is  decreased  continuously  with  no  change  in  NO2  concentration  in 
the  streamer  gas. 

4.  An  addition  of  ammonia  to  the  streamer  gas  enhances  the  rates  of  NO*  removal 
markedly. 
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Figixre  1:  Schematic  of  experimental  apparatus. 


1.  PSC  generator 

2.  Reactor 

3.  Streamer  gas 

4.  Oscilloscope 

5.  NO*  analyzer 

6.  Outlet  temperatine 


7.  Flow  meter 

8.  NHs  gas  bomb 

9.  Evaporator 

10.  Thermo-regulator 

11.  Mixer 

12.  NO  gas  bomb 


13.  O2  gas  bomb 

14.  N2  gas  bomb 

15.  Regulator 

16.  Heating  element 

17.  Inlet  temperature 
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Yu.  A,  Gosiintsev,  Yu.  V,  Gamera 
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The  oxide  and  dioxide  of  nitrogen  (generaily  known  as  the  nitrogen  oxides  NO*) 
are  of  vital  importance  in  the  diemistry  of  the  atmosphere.  They  are  among  the 
troposphere  components  initiating  photochemical  smog  formation.  NO*,  along  with 
the  combinations  of  chlorides  andihydrogen  in  the  stratosphere,  control  the  conten*-  of 
O3  in  the  ozone  layer  of  Earth.  This  necessitates  a  comprehensive  study  of  the  sources 
of  NO*. 

The  pattern  of  NO*  formation  in  a  natural  atmospheric  lightning  shown  below  is 
based  on  the  kinetic  scheme  proposed  by  Ya.  B.  Zel’dovich  for  the  shock  wave  caused 
by  a  linear  spark  discharge,  modeled  by  the  laws  of  instantaneous  cylindrical  explosion. 

The  principles  of  thermal  nitrogen  oxide  formation  in  air  are  formulated  in  [1], 
the  chain  character  of  the  process  was  established  and,  in  the  approximation  of  qua¬ 
sistationary  concentrations  of  oxygen  and  nitrogen  atoms,  the  kinetic  equation  of  the 
process  was  obtained.  For  cooled  or  heated  air,  the  equation  is 


T'c  (y>)  )  ’ 


Here,  ^  =  yj(7/(C),  {C)  =  Ki{CiC2)°'^<p,  <p  =  exp(-0/r),  Tg  =  (dln^/dt)"^  and 
Tc  =  p,  T,  and  p,  are,  respectively,  the  density,  temperature  and 

molecular  mass  of  air;  t  is  time;  C,  C\,  and  C2  are  the  molar  fractions  of  NO,  N2,  O2; 
(C)  is  the  equilibrium  value  of  C;  Tg  and  Tc  are  the  characteristic  times  of  temperature 
variation  and  chemical  reaction  (the  sign  of  Tg  defines  the  direction  of  temperature 
variation  Tg  >  0  for  heating,  Tj  <  0  for  cooUng);  Ki,  K2,  0,  and  n  ate  the  Arrhenius 
parameters. 

If  the  air  density  and  temperature  vary  in  accordance  with  the  equation 

dm<p  a 


then  Eq.  (1)  is  integrable  in  terms  of  modified  cylindrical  functions.  For  cooling, 
lim  <p  0,  and  one  can  find  the  frozen  concentration  of  oxide  as  Cj  =  lim  C. 

t-*oo 

Analysis  shows  that,  in  the  case  of  a“^  <  1,  C/  =  0  is  possible.  The  physical  impli¬ 
cation  of  this  result  is  that,  imder  the  conditions  of  the  time  of  chemical  transformation 
being  much  shorter  than  the  characteristic  time  of  the  variation  of  gasdynamic  param¬ 
eters,  the  concentration  of  NO*  during  the  entire  process  remains  close  to  equiUbrium 
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Here,  /m(®)  is  the  modified  Bessel  function,  r(®)  is  the  gamma  function. 

In  Eq;  (2)' and  henceforth,  suffix'  “0”  refer^' to  the  initial  values  of  the  variables. 

In  the  pjirticular  case  of  a  =  n~^  =  0.2,  the  solution  to  Eq.  (2)  coincides  with  that 
obtained  in  [1,  2]. 

According  to  the  views  presented  in  [3,,4].and'in  line  with  the  law  of  energy  similarity 
of  the  shock  wave  of  linear  spark  discharge  to  that  of  an  instant  cylindrical  explosion 
[5],  the  cooling  of  a  Lagrtmgian  particle  following  the  discharge  in  air  is  governed  by 
the  equations 


To 


7  +  1 

Here,  po  =  f — -pa  and  To 


^  M-y-l)  /Ps\ 

2Jl(l  +  l)>lo  \  (>a  / 


0.5 


I). 


0B 


are  the 
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density  and  temperature  at  the  shock  wave  front  at  the  moment  of  time  to  at  the 
distance  r  from  the  symmetry  axis,  r  is  the  Lagrangian  coordinate,  pa  is  the  density 
of  undistmbed  air,  R  is  the  imiversal  gas  constant,  7  is  the  exponent  of  the  Poisson 

^  ,and/? 


adiabat;  E  is  the  energy  density  per  unit  length  of  the  discharge,  w 

is  a  coefficient  depending  only  on  7. 

In  this  case. 


(7  +  1)2’ 
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The  acciunulation  of  NO  in  lightnings  is  completely  described  by  (2)  and  (3)  at 
definite  values  of  E,  7.  As  we  can  see  from  the  above  formulas,  at  a;  <  1  (7  >  1),  a 
critical  radius  exists,  determined  by  the  condition  a  =  1.  Within  the  volume  r  <  Vcr, 
Cf  =  0.  Also,  C/  ->  0  as  r  ->  00. 

Therefore,  the  cheiracteristic  distribution  of  Cf{r)  has  a  maximum  C)  at  any  value 
ofE. 

We  can  take  E,  =  0.5  MG/m  to  be  the  typical  Vcilue  of  E  for  the  pressure  in  the 
discharge  200  atm  and  the  diameter  of  the  channel  20  cm.  If  E  =  E,  and  7  is  equal 
to  1.4,  the  total  output  of  nitrogen  oxides  M,,  obtained  by  integrating  Cf{r)  over  the 
Lagrcuigian  coordinate,  is  M,  =  0.1  mol/m,  and  the  maximum  NOx  concentration 
<7^,  =  6.86  •  10“^  is  observed  at  the  distance  of  0.12  m  from  the  symmetry  axis.  The 
average  volume  fraction  in  the  discheirge  channel  is  equal  to  5  •  10“^,  which  is  very  close 
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to  the  e3q)erimentally  detected  amount  of  4i-10'^^j  obtained  using  an  dectricrrarc  heater 

For  7  reduced' to^'li2fthe  maxmnun^m^^ng'of  C'yj  is  l^w^^  by  6.4%.  Thus, 
the,  possible  “lustiness”' of  the  air, '^fiiie  feducihg.'the  vmue  of  7  [4],  does  not  affect 
very  much.  We  can  observe,  a -differeht  pictufe-  in.^the  dependence  of  the  total  output 
M,  on  7.  With  decreasing  7,  the  vjilue  of  M,  fails  sha:rply.  For  examples  for  7  =  1.2 
Ms  =  0.027  mol/m.  ,  ,  ; 

The  au^tities.(!7/  jand  M’we  modelled  by  scalingjwith  the  energy  E  per  unit  length, 
differeht>,from  E,: 


Mr 


1  +  0;031n 


For  the  average  lightning  length  about  5  km,  the  output  of  nitrogen  oxides  is  0.5 
kmol/lightning  (7  =  1.4,  E  =  E,). 

Approximately  100  lightnings  occur  on  Earth  every  second  [7],  which  results  in 
global  production  rate  of  nitrogen  oxides  50  MT  NO  per  year.  Comparing  this  with 
the  results  of  research  of  NO*  formation  in  powerful  air  explosions  [8],  we  can  conclude 
that  every  hour  thimderstorms  add  to  the  troposphere  approximately  the  same  amount 
of  NO*  as  a  megatoime  nuclear  explosion. 
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THE  EFFECT  OF  LIGHT  ON  THE  VELOCITY  OF  FLAME 
PROPAGATION  IN  SYSTEMS  CONTAINING  CHLORINE 

O.  L.  Gromoyeiiko,  1.  R*  Begishev 

Higher  Technical  School  of  Firefighting  Engineering,  Moscow,  Russia 

Combustible  gas  mixtures  containing  chlorine  cari  ignite  under  exposure  to  light. 
The  influence  of  light  intensity  on  the  concentration  range  of  photothermal  ignition  of 
1,1-difluoroethane-chlorine  and-dichloromethane-chlorine  ihixtures  was  studied  in  [1, 
2]. 

The  dependence  of  flame  propagation  velocities  in  CI2-H2  and  CIP-CI2-H2  mixtures 
at  low  pressures  on  the  degree  of  preliminary  chlo.nne  photodissociation  under  the  action 
of  short  UV  pulses  was  determined  in  [3). 

In  chlorine-containing  combustible  systems  at  atmospheric  pressure,  the  rate  of  for¬ 
mation  of  the  initial  centers  of  reaction  (chlorine  atoms)  decreases  sharply  along  the 
direction  of  the  light  beam,  due  to  light  absorption.  The  ignition  occurs  in  the  vicinity 
of  the  light  source,  and  then  a  flame  spreads  over  the  whole  mixture.  The  transparency 
of  the  reacting  medium  increases  as  chlorine  burns  out.  This  leads  to  the  growth  of 
photoinitiation  rate  ahead  of  the  zone  of  chemical  reactions.  Under  the  continuous 
action  of  the  light  flux,  its  influence  on  combustion  characteristics  can  be  detected  at 
a  considerable  distance  from  the  light  source.  In  this  work,  we  examine  the  process  of 
flame  propagation  in  chlorine-difluoromethane  and  chlorine-hydrogen  under  the  con¬ 
tinuous  action  of  light. 

Experimental  Procedure 

The  studies  of  ignition  and  flame  propagation  were  conducted  in  steel  reaction 
vessels  0.051  m  in  diameter  with  lengths  ranging  from  0.55  to  1.0  m,  positioned  hor¬ 
izontally.  The  initial  mixtures  in  the  vessel  had  the  atmospheric  pressure  and  room 
temperatiue.  The  light  from  a  DRT-1000  mercury  lamp  was  let  into  the  vessel  through 
a  quartz  window  at  one  of  its  ends.  The  maximum  intensity  of  the  light  flux  was  2  •  10^^ 
quantum  m“^s"^.  At  the  same  vessel  end,  ignition  was  performed  by  a  red-hot  Ni-Cr 
wire.  The  temperature  regime  of  the  process  was  monitored  using  eight  tungsten- 
rhenium  thermocouples  20  mm  in  diameter.  The  thermocouples  were  positioned  along 
the  cylinder  axis  at  various  distances  from  the  quartz  window.  The  thermocouple  out¬ 
put  signals  were  fed  into  a  PEVM  EC-1840  computer,  where  they  were  processed  to 
obtain  the  dependence  T  =  f{t).  The  times  at  which  flame  reached  the  thermocouples 
were  determined  by  the  sharp  increase  in  the  temperature. 
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Figure  1:  Variation  in  temperature  of  CF2H2-CI2  mixture  (67%:33%)  at  the  points 
with  the  following  coordinates:  (1)  0;027  m;  (2)  0.1  m;  (3)  0.23  m;  (4)  0.3  m;  (5)  0.38 
m;  (6)  0.454  m. 

Results 

The  experiments  with  difluoromethane  were  carried  out  in  a  tube  1  m  long  at  con¬ 
centrations  ranging  from  13.5  to  66%  vol.  The  apparent  velocity  of  flame  propagation 
changed  along  the  length  of  the  reaction  vessel.  The  maximum  values  were  observed 
at  O.lrO.3  m  from  the  reactor  end.  As  combustion  spread  over  the  bulk  of  the  mixture, 
its  rate  decreased,  and  the  apparent  velocity  reached  a  constant  value  at  the  distance 
of  0.8-0.85  m.  The  flame  speed  and  its  temperature  depended  on  the  mixtiire  com¬ 
position.  The  maximum  values  were  recorded  for  the  stoichiometric  mixture  (33.3%), 
V  ~  10  m/s  and  T  =  1300  K,  the  minimum  values  corresponding  to  the  limiting 
mixtures  were  0.25  m/s  and  900  K,  respectively. 

A  substantial  influence  of  light  on  the  flame  velocity  was  foimd  for  mixtures  close  to 
the  rich  flammability  limit.  When  the  mixture  of  66%  CF2H2  and  34%  CI2  was  ignited 
by  light,  the  flame  velocity  was  maximum  near  the  ignition  end  of  the  reactor  and  equal 
to  1.12  m/s.  When  the  mixture  was  ignited  by  the  red-hot  metal  wire  the  maximum 
flame  velocity  was  also  observed  in  this  part  of  the  reactor,  but  its  numerical  value 
differed  by  more  than  two  times  and  was  0.53  m/s.  In  determining  the  rich  flammability 
limit,  we  found  that,  under  exposure  to  light,  in  the  mixtures  beyond  this  limit  (66- 
67%),  the  ignitiondriven  wave  propagated  over  a  certain  distance  from  the  ignition  end 
of  the  reactor.  The  temperatmre  profiles  for  such  a  mixture  at  various  locations  along 
the  reactor  axis  are  given  in  Fig.  1.  We  can  see  that  the  flame  propagation  is  detected 
sequentially  by  four  thermocouples,  the  last  of  which  is  positioned  at  the  distance  of 
0.3  m,  and  the  next  thermocouple  indicates  only  a  15  K  increase  in  temperature. 

The  influence  of  light  on  the  velocity  of  flame  propagation  in  chlorine-hydrogen 
mixtures  is  most  pronounced  in  the  vicinity  of  <  le  rich  flammability  limit.  The  experi- 


26 


'ZEL-^DOVIGH  MEMOmt,  ,0^17  September  1994 


Figure  2:  Variation  in  apparent  flame  velocity  in  H2-CI2  mixture  (87%  :  13%)  versus 
the  length  of  the  reactor  at  the  ignition:  (1)  by  light;  (2)  by  red-hot  wire. 

ments  were  conducted  in  a  reaction  vessel  0.56  m  long.  The  rich  limit  was  found  to  be 
87.5%  vol.  As  is  seen  in  Fig.  2,  the  flame  velocity  at  aU  measurement  locations  is  higher 
under  the  exposure  to  light.  In  this  case,  the  flame  velocity  at  0.1  m  from  the  ignition 
end  of  the  reactor  is  almost  four  times  higher  than  that  in  the  experiments  with  igni¬ 
tion  by  the  red-hot  wire.  At  hydrogen  concentrations  ranging  from  87.5  to  89%,  flame 
propagation  over  0.3-0,38  m  was  observed  only  under  the  action  of  continuous  light  flux. 

Discussion  and  Conclusions 

Thus,  in  chlorine-containing  systems  the  light  affects  the  flame  propagation  velocity 
near  the  rich  flammability  limit.  This  can  be  attributed  to  the  following.  First,  the 
decrease  in  the  rate  of  photoinitiation  with  the  length  of  the  reaction  vessel  occurs 
more  smoothly  in  mixtures  with  lower  chlorine  content.  Secondly,  in  such  systems,  as  a 
rule,  complete  combustion  of  chlorine  takes  place,  and,  therefore,  the  reacted  mixture 
becomes  more  transparent  at  the  wave  bands  of  light  absorption  by  chlorine.  Thirdly, 
it  is  very  important  that,  imder  the  conditions  of  the  experiments,  the  calculated  rates 
of  chlorine  atom  formation  due  to  thermal  and  photochemical  dissociation  cire  of  the 
same  order  at  temperatures  800-900  K.  These  are  precisely  the  temperatures  typical 
for.  premixed  flame  close  to  the  flammability  limit. 
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NEW  ECOLOGY  ENGINES;  A  RESULT  OF  THE  ZEL’DOVICH 

MECHANISM 

H.  Heitland*,  G.  Rinne^,  K.  Wislocki* 

"  Ueiiech-Engenieurburo,  Wolfsburg,  Germany 
•  Poznan  PoHtechnical  Institute,  Poland 

State  of  the  Art  and  Further  Development 

In  today’s  urban  traffic,  passenger  cars  are  driven  mostly  at  part  load.  Even  the 
best  engines,  such  as  diesel  engines,  are  characterized  at  part  loads  by  speciiic  fuel 
consumption  at  least  twice  as  high  as  the  minimum  at  its  best  point.  Only  for  this 
reason,  hybrid-drive  systems  combining  at  least  two  different  principles  have  a  chance. 
For  example,  the  Electro-Diesel-Hybrid  runs  at  part  load  with  the  electric  engine 
at  a  much  better  efficiency  than  the  diesel  engine,  which  takes  over  at  higher  loads. 
The  development  of  engines  with  hybrid  combustion  systems,  such  as  stratified  charge 
engines,  was  given  up  too  early  when  the  cars  were  equipped  with  3-way  catalysts  on 
Otto  engines  or  supercharged  Diesel  engines.  With  new  combustion  systems,  a  better 
consumption  and  cleaner  exhaust  gas  cein  be  jbtained,  as  compared  with  combustion  in 
modern  engines.  Spontaneous  combustion  should  take  place  in  the  bulk  of  the  residual 
hot  exhaust  gases,  which  can  be  implemented  best  in  two-stroke  engines.  Only  that 
portion  of  the  burnt  gas  should  be  removed  out  of  the  cylinder  which  is  equivalent  to 
the  newly  burnt  charge.  It  seems  to  be  possible  to  avoid  any  kind  of  afterburners  in 
order  to  save  costs. 

Prescription  of  the  Mixture  Exhaust  Stratified  Charge  (MESC) 
Ecology  Engine  (Fig.  1) 

In  order  to  avoid  the  aforementioned  disadvantages  of  the  known  engines,  we  have 
developed  a  new  working  procedure  for  a  two-stroke  engine,  applied  for  German  and 
US  patents,  and  started  our  research. 

The  working  cycle  includes  the  following  steps: 
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Figure  1:  Principle  of  the  MESC-eftgine. 


(1)  compression  of  the  burned  gases  remaining  in  the  cylinder, 

(2)  intake  of  a  combustible  air-fuel  mixture  into  a  limited  zone  of  the  combustion 
chamber,  where  the  mixing  of  the  air-fuel  mixture  and  the  burned  gas  will  be 
nainimized, 

(3)  ignition  of  the  combustible  air-fuel  mixture  in  the  limited  zone  of  the  combustion 

chamber, 

(4)  controlled  rapid  combustion  in  a  fireball, 

(5)  expansion  of  the  in-cylinder  charge,  and 

(6)  controlled  discharge  of  a  given  burned  gas  quantity  which  equals  the  burned  gas 
quantity  produced  by  the  combustion  of  the  air-fuel  mixture  introduced  into  the 
cylinder  in  the  next  cycle. 

After  the  discharge,  the  residual  burned  gases  remain  in  the  cylinder  and  will  be 
compressed,  A  very  le2in  combustible  fuel-air  mixture  will  be  brought  into  these  resid¬ 
uals,  where  only  after  combustion  the  mixing  process  should  teike  place,  in  order  to 
obtain  a  very  low  emission  of  nitrogen  oxides.  After  the  expansion  of  the  in-cylinder 
charge  only  the  amoimt  of  burned  gas  to  be  discharged  is  equal  to  that  formed  in  the 
following  cycle  by  the  combustion  of  the  air-fuel  mixture  brought  into  the  cylinder,  and 
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a  stfong  reductibn  of  the  aerodyhami^  losses  at  part  load  is  obtained  even  in  compari- 
sonrwith'tmthrdttled  dies.ejs.engines|>whe^e;;tE^  total  charge  iii  the  cylinder  always  has 
to  be  .dischOTged'i;  ■  .  ,  .  .  =  > 

Wiule  the  coniBustidii  takes  .pTaceim^^  ceiitral"  part  of  the  cylinder  arid  is  well 
separated  from  the  w^s\;the.  flme?cannnpt  be  the  walls;  therefore,  less 

unbtirrit  hydrocMbqns£r^'^<in';theibitthed\gas;;The‘w6rki^  procedure  is  also  very 
suitable  for  erigihevdperatforii^ith  seifrignitiott:^^  of  alternative  fuels.  To 

rniniiiuze  the  iriirihg';processjbetWeen-tfe  the  residual  burned  gas 

layet,.  as  weii-as  the  .Mdesirafeifii^ihg>pfqM  the  burning  gases  and  the 

residual'burned^gassdwing*  ^e^  expMsiqrijj-sepMatiqn  of  the-  mixture  from  the  resid¬ 
ual  bm:ne4‘gases/ira^riye$:?by^a4r6dyne^c-;meMS);such'a^  the  swirl  motion  created 
by  means  of  tarige'iitiaUy-  oriented  exhaust  ports  or*  shrouded  inlet  valves.  Thus,  it 
is  secured  that,,  during  the  discharge,  mainly  the  ^previously  burned  gas  flows  out  of 
the  cylinder  and  the  riew  combustion  products  reinairi  for  another  working  cycle  in 
the  combustion  chamber.  With  a  central  bowl  in  the  piston  crown,  the  swirl  velocity 
increases  (due  to  a  squish  effect)  at  the  moment  when-  the  periphery  of  the  piston, 
together  with  the  inner  wall  of  the  cylinder  head,  forms  a  narrow  clearance  at  TDC 
(Top  Dead  Center)  and  when  the  gas  is  pressed  out  of  this  region.  For  the  intake  of  the 
air-fuel  mixture,  many  different  procedures  exist.  The  favoured  working  procedure  is 
the  use  of  air-blast  nozzles  as  a  source  of  pulsed  jet  combustion  (as  proposed  by  A.  K. 
Oppenheim),  which  has  already  been  successfully  tested  in  a  combustion  bomb. 


j  Computer  Model  of  the  NO  Production  Using  the  Zel’dovich  Mech- 

I  anism  (Figs.  1-4) 

I  For  the  MESC  engine  (Fig.  1)  having  the  effective  compression  ratio  of  10  and  a 

f  tisplacement  volume  of  1  liter,  a  computer  model  was  developed.  In  the  model,  the 

I  engine  process  was  simulated  with  a  very  lean  methane/air  mixture  blown  into  the 

I  cylinder  late  in  the  compression  stroke,  ignited  by  the  spark  plug  at  a  crank  angle  of 

!  30  ®C  before  TDC  and  burned  completely  in  a  centrally  located  fireball  at  25  °C  after 

I  TDC,  and  subsequent  mixing.  Assuming  a  linear  burning  rate  and  neglecting  the  heat 

I  released  in  combustion  of  the  dissociated  products  0,  N  and  the  NO  formed  in  the 

1  bmned  gas,  the  temperature-time  (Fig.  2)  and  ihe  pressure-volume  (Fig.  3)  diagrams 

were  calculated  for  three  different  loads  and  air /fuel  equivalence  ratios.  Fig.  2  shows 
that  with  the  eiir/fuel  equivalence  ratio  of  2.1,  the  temperatures  in  the  fireball  always 
l  remain  below  2500  °C  and  in  the  rest  of  the  burned  gas  below  700  °C.  The  integration 

of  the  pressure  curves  of  Fig.  3,  combined  with  the  data  of  the  ideal  process,  where 
combustion  takes  place  instantaineously  at  TDC,  yields  the  internal  efficiencies  eind  the 
mean  effective  pressure.  The  interned  efficiency  is  highest  at  part  load  and  drops  to 
the  normal  values  characteristic  of  common  spark-ignition  engines  at  full  load,  which 
I  clearly  shows  the  part-load  advantage  of  the  MESC  engines  as  compared  with  the 

I  modern  engines.  The  load  is  controlled  by  the  amoimt  of  the  fuel/air  mixture  fed  into 
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Figure  2:  Temperature-time  diagram. 


internal  efnclency: 
part  load:  51.2% 
half  load:  38.3% 
fiiU  load:  32.4% 
mean  effective  presiure: 
part  load:  0.93  bar 
half  load:  5.63  bar 
mu  load:  9.76  bar 
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Figure  3:  Pressure-volume  diagram. 


Internal  efficiency; 
part  load:  51.2% 
half  load:  38.3% 
full  load:  32.4% 


Mean  effective  pressure: 
part  load:  0.93  bar 

half  load;  5.63  bar 

full  load:  9.76  bar 
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Figure  4;  Partial  pressure-time  diagram. 

the  combustion  chamber.  The  model  is  based  on  the  Zel’dovich  mechanism  for  the 
formation  of  nitrogen  monoxide  in  the  exhaust  gas 

N2't'0  — >NO"}'N  and  Oo-l'N  — >  NO-t’O 

starting  with  the  reactions  for  dissociation  of  O2  20  and  N2  2N  at  chemical  equi¬ 
librium  and  using  the  formula  kf  =  AT’'exp{-ElRmT)  for  the  reaction  rates  with 
the  units  kcal,  m,  s  and  K.  It  has  been  shown  that  only  in  the  fireball  the  temperature 
was  sufficiently  high  to  resxilt  in  any  appreciable  concentia*^ion  of  nitrogen  monoxide. 
Calculations  for  leaner  mixtures  (of  air /fuel  relative  ratios  greater  than  2),  where  the 
maximum  cycle  temperatures  were  below  2500  ‘’C,  also  gave  no  indication  of  the  for¬ 
mation  of  any  substantial  amoimt  of  NO.  But  the  richer  mixture  of  relative  air /fuel 
.  ,tio  of  1.6  increased  the  NO  concentration  by  the  factor  of  100.  As  the  curves  in  Fig. 
4  indicate,  the  formation  of  NO  is  very  sensitive  not  only  to  temperature  but  also  to 
pressure.  Therefore,  at  full  load  the  partial  pressure  increased  by  the  factor  of  10,  as 
compared  with  half  load,  and  the  factor  of  1000,  as  compared  with  idling.  In  order 
to  verify  these  results,  more  detailed  information  was  obtained  from  a  computer  simu¬ 
lation  program  for  combustion  in  a  bomb.  With  these  encouraging  theoretical  results 
the  future  ecology  engines  should 

•  be  built  as  cheap  two-strok  j  stratified  charge  engines  without  catalytic 
converters, 
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•  start  with- the  engine  design  for  part-load  behavior  and  not  for  full 
load, 

•  work  always  with  a  very  .lean  rair/fuel  mixtiire  with- its  relative  ratio 
around  2, 

•  employ  pulsed  air-blast  systems-for  fireball  combustion  in  the  midst  of 
the  cylinder,  and 

•  discharge  only  the  amount  of  burned  gas  formed  during  single  com¬ 
bustion  cycle. 


A  STUDY  OF  SPATIAL  DEVELOPMENT  OF  CHAIN 
BRANCHING  PROCESS  BY  MEANS  OP  HIGH-SPEED 
SCHLIEREN  CINEMATOGRAPHY 

V.  P.  Karpov,  N.  M.  Rubtsov,  O.  T.  Ryzhkov,  S.  M.  Temchin, 

V.  I.  Cheruysh,  V.  V.  Azatyan 

Semenov  Insiiiuie  of  Chemical  Physics,  Moscow,  Russia 
Institute  of  Structural  Macrokinetics,  Che  mogolovka,  Russia 

The  wide  application  of  Si02  thin  films  deposited  by  LPCVD  method  [1]  in  inte¬ 
grated  circuits  (IC)  processing  evokes  an  increasing  interest  to  silane  oxidation  pro¬ 
cesses.  It  is  important,  in  particular,  to  develop  methods  of  Si02  aerosol  detection, 
because  the  presence  of  its  particles  reduces  the  output  of  ICs  in  technological  pro¬ 
cesses.  In  this  connection,  the  information  on  spatial  development  of  relevant  chain 
branching  reactions  is  quite  necessary.  It  is  well  known  that  the  self-ignition  of  silane- 
oxygen  mixtures  originates  on  the  reactor  surface.  This  phenomenon  is  due  to  the  fact 
that  heterogeneous  chain  branching  plays  an  important  role  in  the  oxidation  mecha¬ 
nism  [2].  Furthermore,  the  ignition  originating  on  the  reactor  walls  can  spread  into 
the  volume  even  under  the  conditions  of  dominant  role  played  by  heterogeneous  chain 
termination.  In  addition,  there  has  been  no  information  on  direct  cinematography  of 
chain  self-ignition.  This  work  elucidates  some  of  the  questions  mentioned. 

In  the  present  work,  both  forced  and  spontaneous  ignition  of  dichlorosilane  (DCS) 
-  oxygen  mixtures  were  studied  by  high-speed  schlieren  cinematography  over  the  tem¬ 
perature  range  of  298-373  K.  Heated  steel  or  quartz  reactors  of  cylindrical  shape  with 
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Figure  1:  Cinematography  of  self-ignition  in  dichlorosilane-oxygen  mixtures  {P  =  7 
Torr  (a),  8  Torr  (b));  the  behavior  of  prism  images  with  self-ignition  (c),  P  =  7  Torr. 
T  =  373  K,  (SiHsCla)  =  25%,  Pi  =  5.5  Torr,  1000  frames/s. 


the  diameters  of  10  and  4  cm,  respectively,  had  inlets  for  electrical  power  supply  and 
gas  evacuation,  as  well  as  optical  windows.  In  a  number  of  experiments  the  instru- 
inental  cell  consisting  of  two  copper  plates  was  inside  the  10-cm  reactor.  Constant 
electrical  field  of  intensity  up  to  200  V/cm  was  applied  between  the  plates  (without 
glow  discharge). 

The  results  of  two  tuns  of  filming  of  self-ignition  by  schlieien  cinematography  are 
shown  in  Fig.  l(a-b).  The  induction  periods  are  1  s  (a)  and  1.2  s  (b).  One  can  see  that, 
according  to  the  equation  r  =  x^l2D,  a  2  cm  thick  mixture  layer  is  heated  up  to  the 
surface  temperature  in  0.1  s  (r  is  the  characteristic  heating  time,  x  is  the  characteristic 
dimension,  and  D  is  the  mass  diffusivity  which  is  close  to  the  thermal  diffusivity). 
Nevertheless,  the  self-ignition  originates  on  the  reactor  smface  either  locally  (a)  or 
uniformly  over  the  surface,  including  the  reactor  butt-ends  (b).  The  different  regimes  of 
chain  ignition  development  appear  to  depend  on  the  state  of  the  surface  before  ignition. 
The  dependence  of  the  induction  periods  on  the  evacuation  depth  also  indicates  the 
increase  in  the  surface  influence  with  the  evacuation  depth,  leading  to  an  induction 
period  of  4  s.  The  above-mentioned  phenomena  would  not  occur  in  the  case  of  ignition 
by  a  heated  surface.  Thus,  the  active  role  of  surface  in  self-ignition  is  due  to  the 
reactions  of  adsorbed  atoms  and  radicals  participating  in  chain  propagation. 

The  direct  cinematography  of  self-ignition  development  was  carried  out  using  streak 
photography  in  the  4-cm  reactor.  For  F  =  6  Torr,  (DCS]  =  20%  the  induction  period 


34 


etfKt’W 


ZEIi’DOVIGH.MEMORIAL,  12ri7  September  19H 


was  3.5  s  at  373  K.  Based  on  the  above  equation  for  t,  the  heating  time  of  the  reactor 
voliune  is  estimated  at'0.25  s,  i.e.,  during  thciinduction  period  the  heating  of  mixtmes 
is  completed.  It  has  beeii  shown  that  in  this  case. selt ignition  also  originates  on  the 
reactor  surface.  Then  the  ignition  spreads  across  the  volume  and  turns  to  oscillations. 
One  can  also  see,  based  on  the  estimated  value  of  t  =  that  the  heat  released 

would  not  be  dissipated  on  the  reactor  surface  during  the  self-ignition.  On  the  other 
hand,  the  aerosol  formation  can  cause  a  decrease  in  the  value  x.  Thus,  the  oscillations 
observed  must  be  isothermic. 

It  has  been  revealed  that,  at  the  final  stage  of  ignition  in  either  regime,  images  of 
the  rectangular  window  of  the  camera  prism  are  recorded  in  the  schlieren  frames  of 
the  reactor.  These  images  vary  in  location  and  brightness  during  about  1  s  and  then 
disappear  (Fig.  Ic).  It  has  been  shown  that  the  images  of  Si02  aerosol  clouds  emerging 
just  after  ignition  give  rise  to  this  phenomenon.  Thus,  the  schlieren  technique  is  highly 
suitable  for  studying  heterophase  chain  processes. 

In  the  following  experiments  the  instrumental  cell  with  200  V /cm  applied  was  lo¬ 
cated  in  the  reactor.  It  has  beeii  shown  that  if  the  field  was  applied  before  self-ignition, 
then  the  prism  images  would  completely  disappear.  This  implies  that  the  field  applied 
has  an  influence  on  the  formation  of  the  new  phase.  This  phenomenon  also  indicates 
charged  particles  formation  in  DCS  oxidation  and,  therefore,  corresponds  to  the  changes 
in  conductivity  observed  in  this  process  (3).  Thus,  it  has  been  shown  that  the  appli¬ 
cation  of  a  constant  electrical  field  (without  glow  discharge)  eliminates  undesired  Si02 
aerosol  from  the  reactor  volume  during  self-ignition  of  silane-oxygen  mixtures. 

It  has  been  shown  that  30%  SFe  added  to  the  initial  DCS  (5%  in  oxygen)  also 
reduces  the  amount  of  Si02  aerosol  formed.  Furthermore,  the  SFe  addition  results 
in  substantial  decrease  in  both  flame  propagation  velocity  and  the  lower  limit  of  self¬ 
ignition.  (The  value  of  this  limit  is  1.5  times  higher  than  without  SFe  in  5%  DCS  in 
oxygen).  It  is  generally  known  that  SFe  molecules  slowly  react  with  atoms  and  radicals 
xmder  the  conditions  studied  here.  The  first  vibrational  level  of  SFe  is  too  low  to 
be  of  importance  in  V-V  energy  exchange  processes.  Thus,  the  SFe  molecules  interact 
rapidly  with  the  charged  particles  (e.g.  free  electrons)  formed  in  DCS  oxidation.  Hence, 
the  charged  particles  do  play  an  important  role  in  the  ignition  of  silanes. 

This  work  has  been  supported  by  the  Russian  Foundation  for  Fundamental  Re¬ 
search. 
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THE  KINETICS  OF  CHEMICAL  REACTIONS  IN 
PHYSICO-CHEMICAL  WAVES 

B.  N.  Koridrikov 

Mendeleev  University  of  Chemical  Technology 
Miusskaya  Sq,  9,  Moscow,  A~190  Russia 

The  main  result  of  this  vyork  is  the  evaluation  of  the  general  dependences  associated 
with  the  influeiiceiof  high  temperatures,  ultra-high  pressures,  high  reactant  concentra¬ 
tions,  and  rapid  v^iations  in  these  parameters  on  the  kinetics  and  mechanisms  of 
chemical  reactions  in  physico-chemical  waves,  mainly  in  deflagration  and  detonation 
waves.  The  hypothesis  that  was  examined  and  supported  is  as  follows:  irrespective 
of  any  specific  , features  of  the  physico-chemical  waves  considered,  there  are  regions  of 
conditions  in  the  waves,  where  the  rates  and  mechanisms  of  chemical  reactions  depend 
primarily  on  the  values  of  thermodynamic  parameters  and  concentrations  but  do  not 
depend  on  their  gradients  and  time  derivatives,  and  thus  the  reaction  rate  is  a  special 
kind  of  a  function  of  state. 

The  data  published  in  the  literature  are  rather  contradictory.  On  the  one  hand,  we 
have  the  evidence  that  the  hypothesis  formulated  above  is  valid  in  a  certain  (though, 
sometimes  rather  broad)  region  of  the  conditions  in  deflagration  and  detonation  waves. 
Sometimes,  simple  extrapolation  of  regular  kinetic  data  to  the  (P,  V,  T)  conditions 
in  the  reaction  zone  of  the  wave  provides  a  very  good  correlation  between  the  extrap¬ 
olated  and  experimental  reaction  rates.  On  the  other  hand,  in  many  works  quantiun 
mechanical  and  Monte- Carlo  computations  have  been  used  to  show  that  the  actual 
state  of  the  reactants  in  the  wave  is  substantially  more  complicated  than  it  is  usually 
assumed,  and  that  the  reactions  in  the  wave  are  characteriised  by  more  complicated  spe¬ 
cific  mechanisms  and  kinetic  functions  than  we  commonly  believe  they  are.  The  last 
point  is  corroborated  by  numerous  examples  of  strong  distinction  between  the  reaction 
rates  and  mechanisms  in  the  waves  and  imder  the  conditions  commonly  encoimtered  in 
measurements. 

At  the  end  of  the  70s,  we  discovered  the  existence  of  a  strong  catalytic  effect  of 
very  low  content  (up  to  0.02%)  of  additives  on  the  decomposition  of  nitromethane  in 
a  detonation  wave  by  measuring  the  limiting  diameter  of  the  high-velocity  detonation 
(HVD)  [1].  A  further  progress  in  the  investigations  led  us  to  the  conclusion  that  many 
decomposition  reactions  of  nitrocompounds  in  HVD  waves  can  be  strongly  accelerated 
by  additives  of  both  basic  and  acidic  natiue.  The  chain-reaction  mechanism  explaining 
these  facts  was  proposed  by  Ya.  B.  Zel’dovich.  It  has  also  been  shown  that  nonsaturated 
organic  compoimds  can  play  the  role  of  catalysts  promoting  the  oxidation  and  decom¬ 
position  reactions  in  HVD  waves  [2|.  Ail  the  data  obtained  could  be  quantitatively 
explained  by  conventional  chemical  kinetic  relationships. 
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At;  the  end  of  the.  80s,  , we  recalctilated  the  kinetic;  constants  of  HVD  decomposition 
and  oxidation  reaetrons  of.  nitromethane,  ethylene  glycol  dinitrate,  nitroglycerin  and 
trinitrotoluene  using  the  .precise  dependences  of  the  HVD  limiting  diameter  on  the 
initial  temperature.  The  kinetic  constants  for  the  first  three  compoimds  have  been 
shown  to  reasonably  agree  with  the  data  obtained  at  low  and  moderate  pressures.  The 
rate  of  trinitrotoluene  decomposition- reaction  under  HVD  conditions  turned  out  to  be 
300  times  higher  than  the  reaction  rate  at  ~  1  atm  [3]. 

Quite  recently,  we  conducted,  a  comparative  study  of  reactions  in  the  mixtures  of 
polynitrocompounds  with  sulphuric  and  nitric  acids  -under  the  conditions  of  conven¬ 
tional  kinetic  measurements  and  HVD  waves.  Themechanisms  of  the  reactions  have 
been  foimd  to  be  somewhat  different,  but  a  strong  correlation  between  them  has  been 
shown  to  exist  [3]. 

A  little  earlier,  reactions  of  water  solutions  of  organic  salts  of  perchloric  acid  were 
investigated  in  this  laboratory  in  low-  and  high-velocity  detonation  (LVD  and  HVD) 
waves,  as  well  as  in  a  strong  electric  discharge.  The  solutions  have  been  shown  to  react 
very  rapidly  at  the  relatively  low  pressure  of  LVD.  The  reaction  rate  and  its  kinetic 
constants  were  estimated  (4).  The  reaction  rates  in  LVD  waves  and  in  the  electric 
discharges  are  abnormally  high  (the  activation  energy,  58  kj/mole,  is  the  lowest  of  all 
the  explosives  studied).  The  reaction  rate  at  the  HVD  pressure,  in  contrast  to  the  data 
just  mentioned,  is  imusually  small,  so  that  without  certain  catalytic  additives  the  HVD 
does  not  propagate.  It  is  interesting  to  note  that  the  solutions  of  perchloric  acid  salts 
imder  LVD  conditions  also  retain  the  capability  of  being  catalyzed  by  small  additives 
of  metal  ions.  It  is  a  relatively  rare  example  of  LVD  catalytic  reactions. 

A  new  method  of  measurement  of  the  kinetic  parameters  of  chemical  conversion  in 
detonation  was  developed  recently  in  our  works  (5).  Detonation  of  nearly  homogeneous 
charges  of  solid  and  liquid  substances  near  the  failiure  diameter  is  accomiianied  by  spin 
waves  propagating  edong  helical  paths  on  the  cylinder  surface.  The  spin  pitch  depends 
on  the  detonation  velocity  of  the  charge  and  the  activation  energy  of  chemical  reaction. 
The  results  obteiined  for  trinitrotoluene  containing  15%  RDX  show  that  the  activation 
energy  derived  from  the  experimental  data  by  this  method  coincides  with  the  value 
computed  from  the  failure  diameter  versus  initial  temperature  dependence  mentioned 
above. 

Some  of  the  results  obteiined  have  not  been  given  any  conclusive  explanation  to  the 
present  time. 

It  is  well  known  that  meiny  organic  substeinces  in  the  solid  crystalline  state  decom¬ 
pose  by  a  factor  of  a  few  tens  slower  them  in  the  liquid  or  gas  phase.  The  state  of  solids, 
liquids  and  gases  in  strong  shock  or  detonation  waves  is  usually  considered  to  be  that 
of  molecular  crystal,  where  the  molecules  occupy  the  sites  and  interact  with  each  other 
as  if  they  are  the  centres  of  a  tightly  packed  crystalline  lattice.  However,  all  detonating 
explosives  behave  kinetically  as  if  they  consist  of  liquid  rather  than  solid  reactants. 

The  influence  of  static  pressure  on  the  decomposition  rates  of  certciin  nitrocom¬ 
pounds  was  investigated.  Some  of  them,  such  as  nitroparaflines  with  a-hydrogen  atom. 
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ejdiibited  jstrdng  dependences  -  df-  theirates  on 'pressure  presumably  due  to  the  aci-ion 
fbrmatiph.  ’Howevet  j  nitromethane,  which  is  the 'main  representative  of  these  com¬ 
pounds,. •doesunotseeih^to  comply  with  the  conclusion.  In  fact,  the  kinetic  constants 
of  ithe-  substtece  do  . not  exhibit  any  pressure- effect  under -detonation  conditions.  At 
theisame  time,  the  decomposition  of  trinitrotoluene  (see  above)  is  strongly  accelerated 
when  the  substance  is  compressed  in  a- detonation  wave  for  diameters  near  the  failure 
conditions. 

-  A  phenomenon  of  special  interest  is  the  formation  of  diamonds  in  the  reaction  zones 
of  detonation  waves.  Some  investigators  attribute  it  to  the  stepwise  variation  in  the 
slope  of  ■D{po)  curves  for  carbon-rich  substances.  Our  data  do  not  agree  with  this 
suggestion. 
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KINETICS  AND  MECHANISM  OF  SOOT  FORMATION  FROM 
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Introduction 

Two  main  hypothetical  mechanisms  of  the  soot  particle  nucleation  are  discussed 
in  the  current  literature.  The  first  one  (1)  is  based  on  the  assumption  concerning  the 
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formation  of  soot  particles  by  chemical  coagulation  of  sufficiently  Icirge  molecules  of 
polyaromatic  hydrocarbons.  This  hypothesis  requires  no  knowledge  about  the  soot 
nucleus.  The  other  one- assumes  that  a  soot  nucleus  is  first  formed  and  it  grows  to 
become  a  soot  particle  [2].  An  idea  was  also -forward' that  the  decisive  contribution  to 
the  formation,  of  a  soot  nucleus  is  due  to  the  reactions  of  higher  polyenes  formed  in 
abundance  in  the  soot  formation' zone  (3). 

The  hypothesis  about  the  fprihation  of  soot  nuclei  from  higher  polyenes  was  taken 
as  a  basis  for  the  numerical  model,  developed  earlier  [4],  which  made  it  possible  to 
Ccdculate  the  kinetics  of.pyrolysis  and  to  obtmn  the  key  kinetic  characteristics  of  soot 
formation  from  acetylene,  including  the  induction  period  r,  the  final  munber  density 
of  soot  particles  Ntotdi,  the  rate  of  heterogeneous  surface  growth  and  the  rate  of  nu- 
cleation  J.  These  numerical  results  adequately  reproduce  the  experimental  data  [5,  6]. 
The  present  paper  reports  the  numerical  results  obtained  within  the  framework  of  this 
model  for  pyrolysis  and  soot  formation  from  methane. 


Description  of  the  Model 

Gas-phase  reactions  of  the  model  include  the  scheme  of  methane  thermal  decom¬ 
position  (7)  and  the  formation  of  polyenes  (8).  The  main  path  of  this  process  can  be 
represented  by  the  following  scheme: 

CH4  ^  CH3  -t-  CH3  — >  C2H5  ^  C2H4  +  H  ^  C2H3  ^ 


C2H2  -b  C2H  3  C4H2  -b  C2H  — »  . . .  C2„H2  +  C2H  C2n+2H2 ...  n  =  3, 4, . . . 

It  is  supposed  that  all  gaseous  components  take  part  in  the  surface  growth  of  soot 
particles  and  that  the  rate  constant  of  the  heterogeneous  reactions  do  not  depend  on 
the  particle  size.  The  formation  of  a  soot  nucleus  [Z)  is  simulated  by  the  reactions 
which  involve  higher  polyenes: 


C14H2  +  C2„H2 


n  =  5-7. 


The  description  assiuned  implies  (5]  that 

(a)  sufficiently  large  polyyne  molecules  react  easily  with  each  other,  which  results  in 
formation  of  a  soot  nucleus, 

(b)  this  process  is  irreversible,  and 

(c)  the  polyenes  provide  a  decisive  contribution  to  the  srirface  growth  of  the  particles 

themselves  during  massive  nuclei  formation. 

The  set  of  equations  of  the  model  includes  conservation  equations  for  all  chemical 
components  of  the  gas  and  soot  particles,  as  well  as  an  equation  for  the  mean  diameter 
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Figure  1:  Thermal  decay  of  methane.  Calculation  for  the  mixture  10%  CH4  in  He, 
10®  Pa,  1573  K.  Concentration  of  species  in  mole  fractions,  [M]  =  7.65  •  10“®  mol/cm®. 
Concentration  of  soot  particles  N  in  cm“®,  rate  of  nucleation  J  in  cm“®s~\  Gr  is  the 
growth  rate  in  g<cm"®s“^ 


of  particles: 


djXi] 

dt 


=  contribution  of  homogeneous  reactions+contribution  of  heterogeneous  reactions 


dt 


=  J, 


t  t 

{d)  =  N~^  j  J{s)ds  j  w{u)du  +  do 


i* 


where  [Xj]  denotes  the  concentration  of  the  gaseous  component  Xi,  mole/cm®;  J  is  the 
rate  of  nucleation,  mole/cm®/s;  do  is  the  soot  nucleus  diameter,  cm;  w{t)  is  the  growth 
rate  of  an  individual  particle,  cm/s. 

Coagulation  of  soot  particles  is  not  taken  into  account  in  this  niunerical  implemen¬ 
tation  of  the  model.  Evaluation  of  the  niunerical  results  showed  [5)  that  the  error  in 
the  calculation  of  the  soot  surface  area  due  to  neglecting  coagulation  does  not  exceed 
20-30%  at  temperatures  below  1800-2000  K. 


Numerical  Results 

Figure  1  shows  the  structure  of  the  soot  formation  process  di:ring  methane  pyrolysis. 
The  key  features  of  the  process  are  the  following: 


(1)  formation  of  new  soot  nuclei  occurs  in  an  explosive  manner  at  the  end  of  the 
induction  period  during  which  acetylene  and  higher  polyenes  are  accumulating; 
concentrations  of  polyenes  reach  at  this  time  their  maxima  and  then  decrease; 
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(2)  during  the  nucleation  and  immediately  eifter  it,  the  rapid  surface  growth  of  soot 
particles  continues,  mainly  due  to  the  contribution  of  heterogeneous  destruction 
of  polyenes. 

Computations  yield  the  .following  expressions  for  the  basic  kinetic  parameters  of  the 
pyrolysis  (10®  Pa,  20%  CH4/Hej: 

Calculation:  Experiment  [9]: 

Ntotai  (cm-3)  :  1. 5- 10^2 exp  4.0-‘102Oexp.(-i^) 

J  (cm-V)  :  1.1 -1032 exp  (-2^)  - 

T  (s)  ;  3.9.10-»exp(2^)  - 

Conclusions 

The  quantitative  non-tinpirical  model,  based  on  the  idea  of  soot  particles  nucleation 
from  polyenes  and  tested  earlier  by  simulation  of  soot  formation  process  from  acetylene, 
is  generally  confirmed  by  results  of  simulation  of  thermal  methane  decomposition. 
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THE  kiNETic  Model  of  pulse  initiation  of  heavy 

METAL  AZIDES 

V.  G.  Kriger,  A.  V.  Kalensky,  L.  G.  Buluscheva,  V.  V.  Murakhtanov 
Kemerovo  State  University,  Kemerovo,  Russia 


Initiation  of  Heavy  Metal  Azides  (HMA)  by  laser  and  electron  pulses  have  the 
following  common  aspects  [1-4]: 

1.  The  criterion  for  initiation  depends  on  the  pulse  duration  t.  Ai  t  <  30  ns,  the 
critical  role  is  played  by  the  energy  flux  density  of  the  pulse  (H  4  mJ /cm^  and 
H  cs;  130  mJ/cm^,  respectively,  for  laser  and  electron  pulses).  At  t  >  300  ns,  the 
criterion  for  initiation  is  based  on  the  power  density  of  a  pulse  [1-3]. 

2.  There  is  an  evidence  that  an  induction  period  t  is  rather  long,  r  >  t  and  decreases 
with  increasing  energy  flux  density  of  the  pulse  [1,  3,  4). 


3.  In  the  77-425  K  range,  H  and  r  weakly  depend  on  the  temperature  of  the  sample 
(2,4]. 

Of  all  the  models  considered  elsewhere,  only  the  model  of  sample  initiation  due  to 
accumulation  of  energy  at  hot  spots  enables  us  to  evaluate  H,  which  leads  to  results 
close  to  those  obtained  experimentally.  However,  the  model  fails  to  account  for  the 
change  of  critical  parameters  of  initiation  for  short  and  long  pulses,  induction  period 
versus  energy  density,  H  versus  the  sample  size,  etc. 

Also,  qualitative  common  peculiarities  of  the  initiation  by  laser  and  electron  pulses, 
insufficient  T-dependence  of  the  processes,  the  induction  period  exceeding  the  pulse 
duration  —  all  these  indicate  that  HMA  initiation  results  <rom  the  processes  inside 
the  crystal  under  irradiation,  which  allows  us  to  put  L’-ward  a  hypothesis  of  HMA 
initiation  due  to  the  branching  chain  reactions. 

One  of  the  possible  model  reactions  is  considered  in  the  present  paper. 


1.  The  generation  of  electron-hole  [eh]  pairs  by  pulsed  radiation  is  described  as 


0 


G 

—  e  +  p, 


(i) 


where  E  =  10  eV  is  the  energy  of  eh  pair  generation,  a  =  50  cm~*  is  the  absorp¬ 
tion  factor,  H  is  the  energy  density  of  the  initiating  pulse. 


2.  The  reaction  of  the  chain  termination  is  the  recombination  of  electrons  and  holes 
on  the  local  centres  in  the  bulk  and  on  the  surface.  The  recombination  rate  of 
the  carriers  is 


—  ^rP, 


(2) 
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'  whevet'kr  ±  10®-10^'  s~^,  andU.=  l/Aij.  10“®-10“^  s  is  the  recombination  time 
of  eh  pairs  for  wide  forbidden  zone  semiconductors. 

3.  The  interaction  of  free  holes  (jV|  fadicEils)  to  form  an  intermediate  complex  fol¬ 
lowed  by  its  decomposition ‘into  N2  with  the  energy  consmned  by  the  generation 
of  carriers  is  the  chain  development -stage 

2p  M-  A  ^ZNo  +  K{n  +  p)  +  2p  +  2F  +  Q.  (3) 

The  reaction  (3)  was  computed  using  the  MNOO  method.  The  thermal  effect  of 
the  reaction  was  determined,  Q  =  12.69  eV.  The  width  x  and  the  height  h  of  the 
activated  barrier  of  the  decomposition  of  the  complex  were  found  out  {x  =  0.15 
A,  h  =  0.31  eV).  The  rate  constant  of  the  reaction  was  evaluated  by  assuming 
the  tuimel  mechanism  of  the  reaction. 

Two  holes  are  required  to  create  an  A  complex,  while  the  structure  of  the  HMA 
energetic  zone  provides  for  the  generation  of  three  holes  (if  =  1)  due  to  the  reaction 
energy.  Thus,  the  branching  chain  reaction  in  HMA  is  described  by  the  equations 

~  -  G-  2k2p^  -  kfp  -i-  3fci  A, 
at 

(4) 

~  =  k2P^-kiA, 

The  analysis  of  the  kinetics  of  the  process  during  the  stages  of  the  generation  of 
eh  peurs,  the  induction  period,  the  extinction  of  the  reaction  dependiny  on  the  en¬ 
ergy  density  of  an  initiating  pulse  was  carried  out.  Presented  below  are  the  critical 
concentration  of  holes  by  the  end  of  the  pulse  {pD  and  the  induction  period  (pJJ): 

*  ^2  ^2^1’  (5) 


By  solving  Eq.  (4)  for  a  short-duration  pulse  one  obtains  the  equation  for  the 
critical  density  of  energy, 

[klk2^k2 


At  larger  t,  the  criticeil  parameter  is  the  power  density  of  a  pulse: 


Mfc  = 


i 
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'  At;,sm^ef  iij  we  obtain  the^approximate  dependence  of  the  critical  energy  density 
on  the  pulse  duration, 

Hk{f)  = 

When  the  parameters  of  the  system  are  ki  =  7  •  lO®  s“^,  k2  =  8.2  •  10"^*  cm®s~^, 
kr  =  9  •  10®  s"^,  the  theoretical  dependence  Hk{t)  fits  the  experimental  dependence 
best  of  all  (the  rms  deviation  /?  =  3.8%  is  substantially  larger  than  the  accuracy  of  the 
experiment). 

According  to  the  model,  the  induction  period  depends  on  the  relative  energy  density 
of  the  pulse  (AT  =  HIHk)  and  is  constant  for  different  types  of  initiation: 


fe) 

(1  -  exp(-*rr.))a,' 


(S) 


r(x)  -  —L  w 

^  krB  (2X2  +  4X  +  52)(X-1)  )' 


(9) 


Also,  when  the  parameters  of  the  system  are  ibi  =  3.3  •  10®  s”^,  kr  -  2.8  •  10®  s”^, 
the  theoretical  dependence  t(2)  fits  the  experimental  data  best  imder  exposure  to  both 
laser  and  electron  irradiation.  The  result  points  to  a  single  mechanism  of  the  reaction 
resulting  in  the  HMA  explosion  imder  difierent  types  of  initiation. 

The  critical  energy  density  does  depend  the  concentration  of  recombination  centres. 
If  we  assume  the  recombination  centres  concentration  distribution  in  simultaneously 
synthesized  crystals  to  correspond  to  Gauss  distribution: 


one  can  obtain  the  dependence  of  HMA  initiation  probability  on  the  pulse  energy 
density  close  to  experimental  when  iV  =  (4  ±  0.4)  ■  10^®  cm”®,  {(f>  =  5.5  •  10”®®  cm®). 

The  degrees  of  a  sample  decomposition  in  subcritical  regin'es  were  calculated.  The 
radiation  chemical  yield  of  N2  has  been  shown  to  depend  on  the  ratio  H/Hk  <  1,  and 
when  H  ~  O.bHk  it  is  <  0.3  molecules/lOOeV,  which  is  in  a  good  agreement  with  the 
experiment. 

Conclusion 

The  model  for  chain  initiation  of  HMA  complemented  by  the  diffusion  and  recombi¬ 
nation  of  carriers  on  the  surface  enables  us  to  describe  qualit  atively  and  quantitatively 
almost  all  the  effects  observed  in  experimental  initiation  of  HMA. 
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THE  POSSIBILITY  OF  A  CONSIDERABLE  INCREASE  IN  THE 
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Studies  of  translational  nonequilibrium  in  the  front  of  a  shock  wave  spreading  in 
a  three-component  gas  are  important  for  the  imderstanding  of  the  peculiarities  of  the 
threshold  physicochemical  processes  initiated  by  the  shock  wave  (1).  Such  studies  were 
performed  using  Monte  Carlo  methods  with  constant  weighting  factors  [2,  3].  Molecules 
were  assumed  to  be  hard  spheres.  The  results  obtained  for  a  mixture  of  components 
1,  2  and  3  with  the  molecular  mass  ratio  mi  :  m2  :  m3  :=  1  :  20  :  80  and  the  munber 
density  ratio  ni  :  nz  :  nz  =  100  :  1  :  1  are  shown  in  Figs.  1  and  2.  In  this  case,  the 
ratio  of  the  elastic  cross-sections  of  molecules  is  cti  :  cr2  :  <73  =  1  :  2  :  2  and  the  Mach 
number  of  the  wave  M  =  4. 


! 


Figure  1  shows  the  profiles  of  relative  velocities  wo,-  =  (w.  -  «o)/(u(,  -  Ua)  (solid 
curves  1,  2  and  3)  and  relative  temperatixres  Tbi  =  (2«  “  Ti,)f{Ta  -  T\,)  (solid  curves 
4,  5  and  6)  of  components  1,  2  emd  3,  respectively,  (i  =  1,  2,  3).  Here,  subscripts  a 
and  b  refer  to  the  variables  ahead  of  and  behina  the  shock  wave,  respectively.  The 
distance  z  is  measured  in  the  imits  of  the  mean  free  path  of  molecules  in  the  flow  ahead 
of  the  wave,  A.  Similar  calculations  were  ceirried  out  in  [4]  using  Navier-Stokes-level 
equations,  and  the  results,  shown  by  the  broken  curves  in  Figure  1,  are  close  to  those 
given  above. 
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Figure  1;  Profiles  of  relative  velocities  and  temperatures  of  components  for  the  mixture 
with  number  density  ratio  100:1:1. 


Figure  2  shows  the  distribution 
fxmctions  G23  of  the  relative  velocities  g 
normalized  with  respect  to  the  velocity 
of  sound  Oi  in  the  gas  mixture  ahead 
of  the  wave  for  the  pairs  of  molecules 
of  components  2  and  3.  Curves  1  and  5 
are  the  equilibrium  distributions  ahead 
of  and  behind  the  wave.  Curves  2, 

3  and  4  show  the  distributions  in  the 
front  at  distances  x  =  -16,  -14  and 
-10,  respectively.  One  can  see  that, 
at  g  >  1.5,  the  distributions  2,  3  and 

4  substantially  exceed  the  equilibrium 
distribution  5.  These  superequilibria 
are  about  15  at  3  =  2.4  and  about 
50000  at  ji  =  4.57  for  curve  4. 


Figure  2;  Distribution  functions  G23 
in  the  wave  front  for  the  mixture  with 
number  density  ratio  100:1:1. 


This  effect  appears  at  the  leading  edge  of  the  wave,  persists  over  a  distance  about  30 
and  reaches  a  maximum  at  x  =  -10,  where  the  difference  between  the  velocities  of 
components  2  and  3  also  reaches  a  maximum.  In  this  case,  the  number  of  collisions  of 
molecular  pairs  moving  at  high  relative  velocities  in  the  front  are  substantially  greater 
than  under  the  equilibrium  conditions  behind  the  wave.  This  must  appreciably  affect 
the  threshold  physicochemical  processes  initiated  by  the  shock  wave  in  reactive  mix¬ 
tures  of  similar  type.  This  influence  must  persist  despite  the  narrowness  of  the  zone 
of  superequilibrium,  due  to  the  high  degree  of  the  superequilibrium.  The  effect  can 
be  conspicuous  behind  the  wave  in  the  avalanche-type  chain  processes,  when  even  a 
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Figure  3:  Profiles  of  relative  velocities  ana  temperattires  of  components  for  the  mixture 
with  numbei  density  ratio  1000:1:1. 


relatively  small  extent  of  physical  and  chemical  transformations  in  the  nonequilibrium 
zone  may  have  a  significant  influence  on  the  entire  flow. 


Figure  4:  Distribution  functions  G2Z 
in  the  wave  front  for  the  mixture  with 
number  density  ratio  1000:1:1. 


The  distributions  of  relative  veloc¬ 
ities  for  pairs  of  molecules  of  species  1 
and  3,  2  and  2,  3  and  3  in  the  front  also 
exceed  their  equilibrium  values  behind 
the  wave.  However,  these  superequilib¬ 
ria  are  not  so  overwhelming. 

A  somewhat  greater  effect  was  com¬ 
puted  for  a  similar  case  with  different 
number  density  ratio:  ni  :  nj  :  ns  = 
1000  : 1  :  1.  Figures  3  and  4  show  uoi, 
Toi,  and  G23.  The  notation  is  the  same 
as  in  Figs.  1  and  2.  These  superequi¬ 
libria  are  about  1000  at  <7  =  2.4  and 
about  10000000  at  ^  =  3.9  for  curve  4. 


The  results  obtained  for  M  =  5  and  mixture  with  mi  :  m2  :  m3  =  1  :  5  :  10  and 
trj  =  <72  =  era  show  the  absence  of  a  significant  effect  of  the  superequilibrium  over  a 
wide  reinge  of  number  density  ratios. 

The  computations  have  confirmed  the  conjecture  of  [1]  concerning  the  potentially 
strong  role  nlayed  by  translational  nonequilibrium  in  the  multi-component  gas  in  the 
front  of  a  shock  wave  threshold  physicochemic2J  processes. 
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AUTOWAVE  REGIMES  OF  CHEMICAL  REACTIONS  IN  A 

CONDENSED  PHASE 

G.  B.  Manelis,  L.  P.  Smirnov,  V.  A.  Strunin 

Institute  of  the  Chemical  Physics  in  Chernogolovka,  Chernogolovka,  1424S2  Russia 


Introduction 

The  propagation  of  a  chemical  transformation  in  the  form  of  traveling  waves  due 
to  the  strongly  nonlinear  dependence  of  the  reaction  rate  on  temperature  (thermal 
mechanism)  and  conversion  depth  (diffusion  mechanism)  is  a  well-known  phenomenon. 

The  basic  specific  feature  of  reactions  in  a  condensed  phase  is  the  effect  of  mechan¬ 
ical  stresses  on  reaction  kinetics.  The  spatial  inhomogeneity  of  mechanical  stress  and 
the  feedback  effect  of  the  chemical  transformation  on  the  structure  of  the  material  and 
the  stress  distribution  makes  possible  the  autolocalization  of  reactions  and  the  occur¬ 
rence  of  chemical  processes  in  the  autowave  regime  (deformation  mechanism). 

The  Diffusion  Mechanism 

It  has  been  shown  that  certain  autowave  processes  can  involve  a  relatively  wide  re¬ 
action  zone  associated  with  the  diffusion  of  the  product,  created  in  the  initial  substance, 
into  the  new  phase  (1-3].  An  example  of  reversible  first-order  reaction  was  considered 
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ici  [1].  Its;  examination  shows;  that  the  reaction  takes  place  in  a  more  or  less  narrow 
zone  closejto  the  phase  boimdary.  The  overall  process  can  develop  irreversibly  until  its 
completion  due  tolthe  fact  that  the^product' emerges  in  the  form  of  a  separate  phase.  A 
substantied  increase  in  the  pre-expoiiential  factor  ofthe  observed  kiiietic  relationships 
and  higher  values^  of  the  activation  energy  of  the  bulk  reaction  occur  in  the  moving 
zone,  as!Compared  with  the.topochemical  reaction  on  the  phase  boundary. 

The  Thermal  Mechanism;  Many  chemical  reactions  in  a  condensed  phase  have 
relatively  low  values  of  activation  energy  and/or  thernial  effect  as  compared  with  typi¬ 
cal  combustion  reactions.  Computer  modelling  of  nonsteady  regimes  of  these  processes 
was  carried  out  in  [4-5];  The' existence  of  the  autowave  regimes  of  weakly  exothermic 
reactions  in  condensed  phase  was  experimentally  revealed  in  [6-7].  It  was  shown  for 
the  first  time  that  the  peak  temperature  can  exceed  the  adiabatic  vsdue. 
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The  Deformation  Mechanism 

The  effect  of  mechanical  stresses  on  the  elementary  act  of  chemical  transformation 
and  the  kinetics  of  solid-state  reactions  have  been  considered  in  [8-9].  A  major  part 
of  these  works  dealt  with  mechanical  breakdown  (fracture).  In  the  case  of  simple  ir¬ 
reversible  reaction,  the  initial  damage  develops  at  an  almost  constant  rate  followed  by 
explosive  growth  of  the  number  of  bond  ruptures.  In  the  case  of  reversible  reaction, 
critical  phenomena  are  possible.  The  actual  form  of  the  critical  condition  is  readily 
foimd  by  the  Semenov  method.  The  different  effects  of  the  stresses  at  the  individ¬ 
ual  stages  of  a  complex  chemical  process  may  lead  to  the  appearance  of  qualitatively  s 

different  kinetic  regimes  of  reaction  progress  depending  on  the  applied  load. 

Autolocalization  is  a  specific  feature  of  the  breakdown  reaction.  It  has  been  shown  j 

[10]  that  the  accumxilation  of  bond  ruptures  in  a  structurally  homogeneous  materied 
results  in  formation  of  a  crack.  In  a  structurally  inhomogeneous  material,  cracks  and 
their  nuclei  exist  from  the  very  beginning.  The  growth  of  a  crack  is  an  example  of 
chemical  reaction  proceeding  by  an  autowave  mechanism.  The  reaction  is  localized 
in  a  small  spatial  region  at  the  rip  of  the  crack  where  the  stresses  are  concentrated. 

Rupture  of  the  bonds  in  this  region  leads  to  the  overstressing  of  the  intact  bonds 
including  those  which  are  located  further  down  the  path  of  the  crack,  and  the  process  is 
reproduced.  The  rapid  growth  of  the  reaction  rate  suggests  invoking  methods  developed 
in  combustion  theory  in  modeling  the  crack  growth.  A  detailed  treatment  of  the  kinetics 
of  crack  growth  has  been  presented  in  [11-12]. 

In  the  case  of  crack  growth  driven  by  an  autowave  chemical  process,  the  advance  of  « 

the  breakdown  zone  is  due  to  the  work  done  by  extraneous  forces.  However,  autowave 
processes  can  also  be  supported  by  ein  exothermic  reaction  accelerated  by  mechanical 
stresses,  when  the  energy  released  is  partiedly  consumed  to  create  spatially  inhomo¬ 
geneous  stresses  in  the  sample.  An  aulowave  mechanochemical  process,  in  which  the 
stresses  are  reproduced  due  to  the  difference  between  the  densities  of  reactants  and 
products,  was  discovered  for  the  first  time  during  a  study  of  the  thermal  decomposition 
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qlammoiujim  perchlbrate5[13]:  Stresses  ahdideformations.intthe  neighbourhood  of  the 
growiiig  reacti6n-cehtre,:causesdislocatiphs  to  move  along^the  slip  planes.  As  a  conse- 
quencerofthe-inferactionpf  theseicrystal  defectsiwith^one  another,  this  motion  leads  to 
the  multiplication  of  the  dislocations  and  thereby  to  ^-increase  in  the  reaction  rate  2ind 
the  entreiinment  of  the  hew-  spatial  regions,  reached? by  the  dislocations,  in  the  reaction 
zone.  Modelling.of  .this  process  has  shown  that  the  propagation  velocity  of  the  steady 
reaction  front  is  determined j  to  a  considerable  extent,  by  the  parameters  responsible 
for  the  rate  of .multiplicatidn  of  ^the  sdislocations  whereas  the  true  rate  constant  only 
slightly  ^ects  the  front;  velocity. 

The  existence  of.linear.  and.pleinar  defects  in  materials  with  irregulair  structure  was 
postulated  in  [14-15].  It  has  been  discovered  [16].  that  the  propagation  of  the  reaction 
wave  in  glassy  systems  can  be  initiated  by  pulsed  mechanical  action  of  different  kinds. 
In  the  phenomenological  model  constructed  in  [17],  the  propagation  of  the  reaction 
front  is  governed  by  equations  simileir  in  form  to  the  equations  of  flame  propagation, 
the  difference  being  that  the  heat  release  rate  depends  on  the  temperature  gradient. 
The  model  proposed  in  [17]  predicted  the  existence  of  two  propagation  regimes  of  a 
reaction  wave  which  was  subsequently  confirmed  experimentally.  An  alternative  model 
of  this  phenomenon  was  recently  presented  in  [18]. 
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LOW-TEMPERATURE  SOOT  FORMATION 
Z,  A.  Mansurov 

Al‘Faraby  Kazakh  State  National  University,  Al-Faraby  St.  71,  Almaty,  480121  Kazakhstan 


Introduction 

Despite  the  vast  number  of  works  concerning  the  processes  of  soot  formation  [1,2], 
currently  there  is  no  established  understanding  of  the  problems  of  soot  particle  nude- 
ation  and  growth  in  hydrocarbon  combustion.  Studies  of  soot  and  polycyclic  aromatic 
hydrocarbons  (PAHs)  in  flames  are  of  interest  from  the  environmental  perspective  as 
carcinogenic  substances  and  a  source  of  new  carbon-based  materials. 

We  have  studied  soot  and  PAH  formation  in  methane  and  propane  flames  in  twin 
heated  reactor  sections  [3,  4],  independently  vwying  the  temperatures  of  the  first  (Ti) 
and  second  (Tj)  sections,  flow  velocity  cind  mixture  composition.  Physical  and  chemical 
properties  of  the  soot  obtained  have  been  studied,  and  a  number  of  PAHs  has  been 
identified.  The  effects  of  the  electric  fields  applied  to  the  zone  of  soot  formation  have 
been  studied. 

Experimental  and  Discussion 

Soot  formation  in  low-temperature  methane  and  propane  combustion  was  studied  in 
the  heated  twin  reactors  [3,  4].  The  experiments  with  methane-oxygen  mixtures  were 
performed  at  the  atmospheric  pressure,  varying  the  temperature  of  the  first  section  (2i) 
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from,673  K  to  373  k,  the  temperature  , of. the  second  section  (22)  froni  873  K  .to  1223  %  1 

K,  the  residence  time. from  ,1.7  s  to  10i2  s,  the , ratio  of  components  being  GH4:02  =  ?  i 

1.63  :  1.90  and  2.1:1.  In  comparison  with  propane-oxygen  flames,  the  regime  of  soot  ? 

formation  in  methane-oxygen  flames  is  usii^y  observed  at  lower  reactor  temperatures 
(Ti  =  423  K,  T2  =  773-973  K),  t  =  2  s  and  the  ratio  of  components  G3H8:02  =  1.53  : 1.  j 

Flame  temperature  was  measured  by  a  chromel-alumel  thermocouple  (d  =  50  /im)  in  a  I 

thin  quartz  coating  preventing  radical  recombination  and  heating.  i 

Temperature  profiles  in  propane-oxygen  fleones  were,  measured  along  the  axis  of  i 

the  second  reactor  section  at  T\  =  423  K  and  T2  =  773  K,  873  K  and  973  K.  A  ' 

limiting  meixiitmm  temperature  of  the  flame  was  determined,  which  is  independent  of  > 

the  temperature  of  the  second  reactor  section.  However,  the  change  in  T2  appears  to  , 

be  significant  and  probably  gives  some  evidence  of  the  limiting  stage  in  the  combustion 
regime  with  soot  formation.  One  can  speculate  that  the  soot  formation  field  under 
consideration  is  the  field  of  reaction  rate  with  a  negative  temperature  exponent,  since 
cin  increase  in  the  initial  T2  does  not  lead  to  a  corresponding  increase  in  the  combustion 
rate. 

Sampling  of  gaseous  products  and  soot  along  the  reactor  axis  was  performed  by 
means  of  a  quartz  probe  with  inner  diameter  70  /im.  Low-temperature  IR  spectroscopy 
with  cooling  by  liquid  nitrogen  was  used  to  analyze  the  products  of  propane-oxygen 
flames.  The  analysis  of  IR  spectra  of  the  samples  have  shown  that  even  ahead  of  the 
luminescence  zone  small  quantities  of  propylene,  water,  formaldehyde,  acetylene  and 
carbon  monoxide  can  be  foxmd  against  the  background  of  main  propane  combustion 
products.  An  increase  in  GO2  and  GeHe  concentrations  has  been  observed  at  the  inner  | 

boimdary  of  the  Ixuninous  zone.  In  the  afterburn  zone  we  found  small  amounts  of  GO2,  ; 

G2H2,  benzene,  the  concentration  of  which  was  increasing,  and  soot  particles  with  PAHs  • 

adsorbed  on  their  surface.  ’ 

Soot  samples,  further  extracted  in  benzene  for  PAHs  isolation,  were  picked  out  in 
propane  flames  with  G3H8:02  =  0.81  :  1.  Their  content  was  found  to  increase  from 
8.0%  in  the  preflame  zone  to  23.8%  in  the  afterburn  zone. 

The  extracts  analysis  by  UV  fluorescence  spectroscopy  made  it  possible  to  identify 
the  following  PAHs:  pyrene,  fluoranthene,  anthantrene,  1,12-benzperene,  coronene. 

The  results  of  probing  show  that  the  reactions  of  hydrocarbon  formation  up  to  benzene 
proceed  homogeneously  in  the  gas  phase.  In  samples  taken  from  gas  phase  benzene 
concentration  continuously  increases,  as  weU  as  that  of  the  PAHs  adsorbed  on  soot 
surface.  In  the  adsorbed  benzene,  G-H  bonds  weaken,  which  can  significantly  decrease 
the  value  of  the  energy  barrier  of  addition  and  condensation  reactions.  Thus,  in  ana¬ 
lyzing  the  mechanism  of  soot  formation  it  is  necessary  to  take  into  account  a  possibility 
of  PAH  formation  on  the  soot  surface,  which  in  this  case  plays  the  role  of  the  third 
particle. 

We  also  used  the  same  burner  as  in  the  previous  experiments  to  study  the  elec¬ 
tric  field  effects  on  the  n-methane  soot  formation  process  at  low  temperatures.  The 
electrodes  were  introduced  along  the  axis  of  the  second  reactor  section  at  its  opposite 
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A  series  of  e;^eriments  on  the  electric  field  effects  on  the  size  of  the  formed  soot 
particles  was  conducted.  In  psdticular,  we  have  obtained  the  dependence  of  soot  parti¬ 
cle  diameter  on  the  potential  applied.  As  the  potentid  was  increased  to  1  kV,  the  soot 
particle  diameter  decreased,  and  a  further  increase  in  the  potential  had  a  weaker  effect 
on  the  diameter.  This  is  consistent  with  the  data  of  F.  J.  Weinberg  [5].  The  experi¬ 
ments  included  reversing  the  polarities  of  the  electrodes.  The  decrease  in  soot  particle 
diameter  was  less  pronounced  in  the  case  of  the  opposite  directions  of  the  electric  field 
and  the  gas  flow. 

According  to  the  AT-ray  phase  photography  analysis,  the  soot  obtained  was  a  mix¬ 
ture  of  three  phases  with  the  diffractional  content  at  Q  =  3.7  (phase  1),  Q  =  9.44-10 
(phase  2),  Q  =  12i0-12.7  (phase  3),  which  contents  are  as  follows:  phase  1  varied  from 
12%  to  14%,  phase  2  from  27%  to  31%,  and  phase  3  from  57%  to  60%.  According  to 
the  group  chromatographic  analysis  of  the  data,  the  extracts  contained  up  to  70%  of 
polyaromatic  hydrocarbons,  17%  of  resins,  10-11%  of  asphaltene,  1-2%  of  paraffin  and 
naphthenic  hydrocarbons. 

In  the  benzene  extracts  of  the  soot  obtained,  pyrene,  fluorentene,  coronene,  an- 
thantrene,  1-2  benzperylene  were  identified  by  IR.  and  UV  spectroscopy.  In  the  fluores¬ 
cence  spectra  of  tso-octane  extracts,  there  are  intense  bands  with  peaks  at  429  nm,  456 
nm,  and  487  nm.  The  quantum  output  of  the  observed  fluorescence  is  not  less  than  0.3, 
which  provides  some  evidence  of  the  polyaromatic  hydrocarbon  formation  with  great 
quantum  outputs  of  fluorescence  in  the  blue  area  of  the  spectrum. 

We  have  proposed  a  reaction  scheme  based  on  the  molecular- chain  carbene  mech¬ 
anism  for  the  polyaromatic  compounds  and  soot,  which  allowed  us  to  explain  the  for¬ 
mation  of  the  identified  substances. 

Thus,  based  on  the  literature  and  experimental  data,  the  following  reaction  scheme 
of  PAH  and  soot  formation  in  low-temperature  hydrocarbon  combustion  is  possible:  the 
diffusion  of  H  atoms  from  the  combustion  zone  to  the  preflame  zone;  formation  of  ions, 
radiceils,  ethane  and  ethylene,  buildup  radicals  and  ions,  the  formation  of  C2H2,  CsHe, 
C6H12,  CeHfl,  CH2O  from  olefins;  PAH  formation  and  coagulation  with  pairticipation 
of  ions  in  soot  formation. 
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3  FLAME  PROPAGATION  IN  DICHLOROSILANE-OXYGEN 

I  j  MIXTURES  AND  SiOj  THIN  FILM  DEPOSITION 

I  j  S.  S.  Nagorny,  N.  M.  Rubtsov,  S.  M.  Temchin,  V.  V.  Azatyan 

!  \  Insiitute  of  Structural  Macrokineiics,  Chernogolovka,  Russia 

;i 

One  phenomenon  of  great  interest  and  importance,  predicted  by  Ya.  B.  Zel’dovich, 
is  the  mode  of  flame  propagation  caused  neither  by  preheating,  nor  by  heat  transfer 
{1|.  This  phenomenon  is  due  to  nonlinear  chain  branching  reactions.  However,  until 
recently  the  factors  responsible  for  the  nonthermal  flame  propagation  have  not  been 
i  taken  into  accovmt  in  a  number  of  cases.  It  should  be  noted  that  the  large  concentra- 

'  tions  of  free  atoms  and  radicals  in  chain  flames  and  the  high  rate  constants  of  chain 

’  interaction  reactions  indicate  the  important  role  of  the  branching  reactions  even  under 
distinctly  adiabatic  conditions.  After  the  theoretical  prediction  [1],  the  nonthermal 
flame  propagation  was  observed  in  a  number  of  combustion  processes.  However,  the 
j  elementary  acts  of  nonlinear  branching  were  identified  only  in  two  reactions  [2,3].  This 
purely  chain  phenomenon  is  important  for  both  theoretical  description  of  chain  pro¬ 
cesses  and  applications  involving  low-temperature  thin  film  deposition.  In  this  work, 
the  reactions  of  mono-  and  dichlorosilane  (MGS,  DGS)  oxidation  were  examined  from 
these  perspectives. 

The  flame  propagation  was  studied  in  a  heated  quartz  tube  -1  cm  in  diameter  and 
100  cm  long  and  a  heated  cylindrical  steel  reactor  10  cm  in  diameter  with  optical  win¬ 
dows  for  schlieren  cinematography.  The  latter  was  equipped  with  a  calibrated  pressure 
transducer.  The  quartz  reactor  was  equipped  with  photomultipliers  positioned  length¬ 
wise  at  regular  intervds.  Ignition  was  provided  by  a  spark  source  or  a  rapidly  heated 
nichrome  wire  coil. 

The-  quartz  cooled  reactor  for  Si02  deposition  had  a  removable  cover  and  inlets 
for  electrical  power  supply  and  gas  evacuation.  The  heater  with  silicon  substrate  was 
installed  at  the  lower  end  inside  the  reactor.  The  deposition  was  performed  in  single 
runs  of  the  initiated  flame,  the  pressure  being  close  to  the  lower  flammability  limit. 

It  has  been  shown,  using  both  methods  mentioned  above,  that  the  flame  propagates 
along  the  tube  at  a  constant  speed,  and  both  lower  (F/)  cind  upper  {Pii)  flammability 
'  limits  have  been  observed  (Fig.  1).  It  has  also  been  shown  that  for  P  <  1.7Fj  the 
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I  Figyie  1:  The  flame  propagation  speed  versus  pressure  in  DSC-oxygen  mixtures.  T  = 

j  I  373  K;  1  —  2.9%  DCS  +  48.5%  O2  +  48.5%  N^;  2  —  2.9%  DCS  +  97.1%  Oj;  3  — 

1  2.5%  MCS  +  97.5%  O2  (503  K);  4  -  2%  DCS  +  98%  O2. 


K  preheating  by  AT  is  not  sufficient  for  shifting  the  gas  mixture  composition  to  the  self* 

;  ignition  domain,  and  the  flame  propagation  is  nonthermal.  Under  these  conditions  the 

;■  characteristic  time  of  heat  release  is  much  greater  than  the  time  of  flame  propagation 

!  over  the  distance  equal  to  the  reactor  radius  (5  cm).  As  has  been  shown  for  DCS 

oxidation  in  (4),  the  role  of  nonlinear  chain  br^^nching  in  the  reactions  studied  is  quite 
;  significant.  The  dependence  of  flame  propagation  speed  on  the  choice  of  inert  gas  (Ar, 

^  N2)  is  also  shown  in  Fig.  1.  It  has  been  shown  that  the  highest  flame  propagation 

speeds  are  reached  in  DCS-Ar-02  mixtures,  followed  by  N2  and  pme  O2.  The  nature 
!  of  diluent  ciflects  Pjj  only,  which  means  that  the  effects  of  these  gases  differ  in  terms 

:  of  their  efficiency  as  the  third  body  in  terraolecular  chain  termination  reactions.  The 

’  most  efficient  third  body  is  O2  for  both  MCS  and  DSC  oxidation,  as  shown  in  our 

i  recent  work  [5]. 

The  nonthermal  flame  propagation  phenomena  were  used  for  Si02  thin  film  de* 
?  position.  The  film  thickness  after  50  flame  rims  amounted  to  0.2  /xm,  and  Si02  was 

;  deposited  uniformly  over  substrate  surface.  The  Auger  spectra  for  this  film  we  shown 

J  in  Fig.  2.  The  Auger  spectrum  for  the  initial  film  prior  to  ion  etching  contains  Si  peaks 

!  (63  and  78  eV)  due  to  Si-O-Si  bonds  and  0,  C,  and  Cl  peaks  (Fig.  2a).  The  latter 

?  two  peaks  disappear  after  ion  etching,  i.e.,  they  are  caused  by  surface  contamination 

(Fig.  2b).  The  absence  of  chlorine  atoms  indicates  that  they  do  take  part  mainly  in  the 
I  gas-phase  elementary  oxidation  reactions  resulting  in  HCl  formation.  The  peak-to-peak 

I  Si/0  ratio  in  the  Auger  spectrum  corresponds  to  the  stoichiometric  Si02.  It  has  been 

I  shown  that  the  ion  etching  rate  for  the  film  obtained  is  only  3.5  times  higher  than  that 

.  I  for  the  thermal  Si02  film,  i.e.,  the  films  obtained  in  present  work  are  comparable  to 

,  those  obtained  by  Si  surface  oxidation. 

( 
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Figure  2:  Auger  spectra  of  0.14  /im  thick  Si02  film:  (a)  prior  to  Ar+  etching;  (b)  after 
5  min  Ar+  etching. 

The  uniformity  and  homogeneity  of  the  film  on  the  silicon  substrate  surface  were 
examined  in  a  special  study.  The  Auger  spectra  of  three  different  portions  of  the  film 
surface,  located  at  the  vertices  of  a  triangle  with  2-cm  sides,  were  recorded  after  5-min 
ion  etching.  It  has  been  shown  that  the  Auger  spectra  obtained  for  these  portions  are 
identical,  whereas  no  overetching  down  to  silicon  substrate  has  been  observed.  Thus, 
thin  SiOj  films  obtained  in  the  present  work  are  uniform  and  chemically  homogeneous. 
The  proposed  deposition  in  single  flame  rtms  is  important  for  the  synthesis  of  very  thin 
dielectric  layers  in  integrated  circuits  based  on  Josephson  transitions. 

This  work  has  been  supported  by  the  Russian  Foxmdation  for  Fundamental  Re¬ 
search. 
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CLEAN  BURNING  SOLID  PROPELLANTS 

Rose  Pesce-Rodriguez,  Robert  A  Fifer 
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21005-5066,  USA 


Incomplete  combustion  of  solid  gun  propellants  is  a  common  occurrence  during  the 
firing  of  both  experimental  and  fielded  gim  systems.  The  products  of  this  phenomenon 
include  toxic  gases  such  as  CO,  NO,  and  HCN,  as  well  as  reactive  solid  residues.  The 
residues  remaining  in  the  breech  after  the  firing  may  lead  to  “cook-off’-related  acci¬ 
dents,  and  to  the  generation  of  additional  toxic  gas  products  and  smoke.  The  objective 
of  this  investigation  is  to  develop  clean-burning  solid  propellants  that  will: 

•  have  reduced  levels  of  toxic/carcinogenic  combustion  products  such  as  NO  and 
HCN; 

•  burn  quickly /efficiently  without  the  need  for  lead-based  burn-rate  catalysts; 

•  undergo  more  complete  combustion  and  reduce  the  amount  of  unburned  residue 
in  gim  breeches. 

“DENOX”  agents  have  been  shown  to  be  effective  in  eliminating  NO*  (primarily 
nitric  oxide,  NO)  production  in  internal  combustion  engines  and  other  de^’ices.  In  these 
applications,  the  DENOX  agents  are  NH*-  (e.g.,  NH2-  or  NH3-)  containing  species  that 
serve  as  reducing  agents  by  reacting  with  any  NO  present  to  reduce  it  to  N2.  In  nitrate 
ester-  or  nitramine-based  solid  gim  and  rocket  propellants,  NO  is  produced  from  the 
-NO2  groups  in  the  energetic  oxidizer  (e.g.,  RDX),  polymer  (e.g.,  nitrocellulose  NC), 
or  plasticizer  (e.g.,  nitroglycerine  NG).  Potentially,  NH*-based  reducing  agents  could 
be  incorporated  into  solid  propellants  to  reduce  the  NO  to  N2  at  or  near  the  burning 
propellant  surface;  the  increased  near-surface  energy  release  should  also  lead  to  more 
complete  combustion  (i.e.  more  “final”  products  and  less  solid  residue)  and  reduced 
generation  of  other  toxic/carcinogenic  products.  Preliminary  results  indicate  that  levels 
of  NO,  as  well  as  of  HCN  can  be  reduced  when,  for  example,  ammonium  carbonate 
is  used  as  a  propellant  additive  in  LOVA  formulations.  Results  for  this  and  other 
experimental  formulations  will  be  presented  and  discussed. 
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FLAMMABILITY  OF  HYDROGEN-OXYGEN-STEAM 
MIXTURES  AT  ELEVATED  PRESSURES  AND  TEMPERATURES 

O.  E.  Popov^  A.  Yu.  Kush£irin,  G.  L.  Agafonov  • 

» . 

Semenov  InsiUuie  of  Chemical  Physics,  Moscow,  Russia 


Experimental  investigations  of  flammability  limits  in  hydrogen-oxygen  mixtures 
diluted  by  steam  were  carried  out  at  initial  pressures  up  to  2  MPa  and  initial  tem¬ 
peratures  up  to  500  K.  The  . effects,  of  pressure,  temperaturej  and  mixture  composition 
on  ;the  concentration  limits  were  determined.  It  has  been  shown  that  the  absorption 
of  thermal  radiation  by  steam  affects  the  flammability  limits  and  extends  the  range 
of  flammability  with  increasing  initial  pressure.  The  lean  flammability  limit  is  mainly 
controlled  by  hydrogen  diffusion  and  the  initial  pressure  does  not  affect  this  limit. 

Introduction 

The  problem  of  flammability  limits  and  near-limit  phenomena  has  been  studied 
experimentally  and  theoretically  over  years.  The  Zel’dovich  theory  [1]  is  a  significant 
contribution  to  the  understanding  of  the  problem,  which  makes  it  possible  to  predict  the 
limits  in  the  narrow  tubes.  Application  to  the  safety  of  nuclear  power  plants  requires  the 
knowledge  of  flammability  of  hydrogen-oxygen-steam  mixtures  at  elevated  pressures 
and  temperatmes.  It  is  known  that,  in  a  light-water  reactor,  a  large  amoimt  of  hydrogen 
may  be  produced  by  radiolysis  md  metal-water  reactions  as  a  consequence  of  a  severe 
accident.  This  paper  extends  the  previous  work  of  the  present  authors  on  hydrogen- 
oxygen-steam  mixtxires  [2]  to  the  domain  of  non-stoichiometric  compositions. 

The  aim  of  the  present  work  is  to  investigate  combustion  of  such  mixtures  with  a 
high  content  of  steam  in  the  near-limit  region  at  elevated  pressures  and  explain  certain 
trends  in  flammability.  To  this  end,  we  used  both  experimental  and  computational 
approaches. 

Experimental 

Two  heaced  chambers  (16  and  5 1  in  volume)  were  employed  in  the  experiments.  The 
first  chamber  was  a  verticd  cylindrical  vessel  0.5  m  long  with  ignition  at  the  bottom. 
The  second  chamber  was  a  spherical  vessel  with  central  ignition.  Both  of  these  vessels 
were  kept  at  a  fixed  temperature.  The  temperature  difference  between  the  upper  and 
lower  ends  of  the  vessels  did  not  exceed  1-2  K.  Pressure  and  temperature  were  recorded 
by  transducers  and  thermocouples.  The  meiximiun  mass  percentage  of  hydrogen  at  a 
given  percentage  of  steam  in  a  hydrogen-oxygen-steam  mixtme,  for  which  ignition  by 
a  sufficiently  powerful  source  (about  1-2  J)  did  nc.t  cause  a  noticeable  increase  in  pres¬ 
sure,  was  used  as  the  definition  of  the  limit. 
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steam  concentration,  5«(ma88.) 


Figure  1:  Flammability  limits  in  H2- 
O2-H2O  mixtures.  (1)  To  =  373  K, 
Po  =  0.13-0.17  MPa;  (2)  To  =  473  K, 
Po  =  1.85-2.5  MPa. 


Initial  temperature,  K 


Figure  2:  Limiting  mass  concentration 
of  stoichiometric  oxyhydrogen  in  H2- 
O2-H2O  mixtures  as  a  function  of  ini¬ 
tial  pressure. 


Computational  Procedure 

A  theoretical  model  for  one- dimensional  spherical  laminar  dames  involving  detailed 
kinetics  and  thermal  radiation  has  been  developed.  One  of  the  purposes  of  this  model 
was  to  compute  the  burning  velocity  for  near-limit  mixtures.  The  model  allowed  us  to 
compare  temperature  and  concentration  profiles  at  different  pressures.  In  addition,  the 
model  provided  the  transport  coefficients  of  reactants  and  radiation  characteristics  of 
dames. 


Results  and  Discussion 

The  dammability  limits  for  hydrogen-oxygen-steam  mixtures  over  the  range  of 
equivalence  ratios  0.12-2.5  are  shown  in  Fig.  1  at  373  K  and  473  K.  The  curves  with 
circles  and  squares  correspond  to  0.1  MPa  and  1.6  MPa  of  steam  pressure,  respectively. 
The  stoichiometric  hydrogen-oxygen  (oxyhydrogen)  composition  is  shown  by  the  dash- 
dot  line.  These  results,  obtained  in  a  spherical  chamber  at  near- atmospheric  pressure, 
correlate  reasonably  with  the  experimental  data  measured  by  Kumar  in  the  standard 
tube  [3].  According  to  Fig.  1,  the  increase  in  temperature  to  473  K  and  in  pressure 
to  2-2.2  MPa  affects  the  dammability  limits  and  extends  the  dammability  range.  This 
effect  manifests  itself  in  the  near-stoichiometric  and  rich  mixtures  with  a  Itirge  content 
of  steam. 

Figure  2  illustrates  the  effect  of  the  reduction  of  limiting  concentration  with  in- 
cretvsing  initial  pressure  for  stoichiometric  oxyhydrogen  premixed  with  steam.  The 
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limit  curve  at  a  fixed  temperature  has  a  maximum  at  0.4-0.6  MPa.  An  analysis  of  ex¬ 
perimental  and  computational  results  has  shown  that  thermal  radiation  from  the  flames 
and  absorption  of  radiation  by  the  steam  affect  the  burning  velocity  of  near-limit  mix¬ 
tures,  This  additional  factor  is  of:primary  importance  for  the  flammability  limits  in 
hydrogen-oxygen-steam  mixtures  at  elevated  pressures.  The  lean  flammability  limit  is 
mainly  governed  by  the  diffusion  of  hydrogen,  and  the  initial  pressure  does  not  affect 
this  limit. 
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Introduction 

Carbon  is  the  most  peculiar  element  in  nature.  The  capability  of  carbon  atoms 
to  combine  with  each  other  by  single  as  well  as  by  double  and  triple  bonds  results  in 
formation  of  carbon  chains  and  various  ring  structures.  The  immense  number  of  organic 
carbon  compounds  comprises  the  main  energy  source  on  earth.  During  combustion, 
soot  particles  originate  from  regions  of  low  oxygen  content.  One  possible  mechanism 
to  reduce  the  eunount  of  soot  produced  in  a  combustion  chamber  is  the  soot  particle 
oxidation  in  hot  post-flame  gases.  Successful  oxidation  requires  a  detailed  knowledge  of 
the  efficiency  of  potential  oxidizers  and  the  kinetics  of  oxidation  under  variong  reaction 
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Figixre  1:  Experimental  setup. 

conditions.  In  the  first  part  of  this  paper,  a  method  for  the  investigation  of  soot  particle 
oxidation  under  well-known  reaction  conditions  is  presented. 

Apart  from  the  two  well-known  carbon  modifications,  diamond  and  graphite,  a  third 
stable  form  was  discovered  by  Kroto  et  al.  (l).  They  found  a  molecule  consisting  of 
60  carbon  atoms,  which  was  exceptionally  stable.  They  proposed  a  soccer-ball-shaped 
structure  where  the  carbon  atoms  are  at  the  edges  of  12  pentagons  and  20  hexagons. 
The  second  part  of  this  paper  describes  experiments  on  the  thermal  decomposition  and 
oxidation  of  fuUerene  Ceo  at  temperatures  T  >  1900. 


Experimental 


The  experimental  setup  employed  in  the  studies  of  soot  particle  and  fullerene  ki¬ 
netics  is  schematicrdly  shown  in  Fig.  1.  It  consists  of: 

•  an  aerosol  generator,  which  is  basically  a  small  shock  tube,  by  means  of  which 
the  powder  deposited  on  the  flat  plate  was  dispersed  by  an  expansion  wave; 

•  the  main  shock  tube,  by  which  the  aerosol  was  heated  up  to  the  reaction  temper¬ 
atures; 

•  a  particle  and  an  Infrared-Diode-Laser  diagnostic  unit  monitoring  the  progress 
in  the  reaction  kinetics  of  the  carbonaceous  materials; 

•  an  intensified  CCD  camera  used  to  measure  the  spectral  emission  during  pyrolysis 
and  oxidation  of  fullerene  Ceo- 
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The  post-shock  temperatures  and  pressures  were  evaluated  from  shock  velocity  mea¬ 
surement  data  using  one-dimensional  conservation  equations. 

In  the  experiments  on  both  the  soot  and  the  fullerene  oxidation,  CO  and  CO2  are 
expected  to  be  the  reaction  products.  The  opticsd  setup  used  for  measuring  these, gas- 
phase  concentrations  consisted  of  a  narrow-bandwidth  itunable  IR-diode  laser,  a  0.5-m 
monochromator  and  an  infrared  detector.  The  laser  was  pulsed  at  a  frequency  about  25 
kHz  and  could  be  tuned  to  single  absorption.lines...Measurements  . of  CO  were.performed 
usmgdhe  O-l 'E8  absorption  line  at  p  =.  2111.54;cm"l  and  CO2  was  measured  using 
the  00°0-00“l‘ft  28' transition  (1/  =  2369.09  cm"^). 

In  the  soot  oxidation  experiinents,  the  particle  properties  were  characterized  on  the 
basis  of  laser  light  extinction  measurements  at  three  different  wavelengths.  For  this 
purpose,  an  Ar  -f  laser  (488  mh),  a^He-Ne  laser  (633  nm),  and  a  diode  laser  (780  nm) 
were  employed.  The  optical  dispersion  quotient  naethod,  as  described  by  Brandt  et  al. 
[2],  was  used  to  determine  the  mean  particle  size  find  the  particle  number  density. 

During  the  fullerene  Ceo  pyrolysis,  the  time-dependent  emission  was  monitored  by 
an  intensified  CCD  camera  (Fa.  LA  Vision,  Germany)  allowing  a  time  shift  of  the 
optical  information.  For  this  purpose,  only  a  few  lines  at  the  top  of  the  CCD  sensor 
chip  were  illuminated  for  a  certain  time  interval.  The  stored  spectral  information  was 
stepwise  transferred,  line  by  line,  to  the  dark  zone  of  the  CCD  chip,  which  served 
as  a  memory.  In  this  manner,  the  spectral  as  well  as  the  temporal  behaviour  of  the 
emitted  light  could  be  recorded.  The  spectral  changes  of  the  quantum  efficiency  of 
the  intensifier  were  taken  into  account.  From  the  time-dependent  intensity  profiles  at 
characteristic  wavelengths,  the  disappearance  of  Ceo  or  the  formation  of  decomposition 
products  could  be  inferred. 

Soot  Particle  Oxidation 

The  oxidation  of  soot  particles  by  O2,  NO  and  0  was  studied  in  different  series  of 
experiments.  The  post-shock  temperature  ranged  from  1500  K  to  3500  K  at  pressures 
of  about  p  =  1  bar.  The  soot  particles  were  dispersed  in  the  inert  gas  (argon)  containing 
different  gaseous  compomids.  The  oxidizing  species,  O2  or  NO,  could  be  added  directly 
to  the  initial  aerosol  and  heated  up  to  reaction  temperature  by  the  shock  wave,  together 
with  other  aerosol  constituents.  In  the  case  of  the  radical  species  0,  the  gas-phase 
precursor  N2O  was  added  to  the  initial  aerosol.  N2O  is  known  to  decompose  very 
rapidly  at  temperatures  T  >  1600  K  to  lorm  0  atoms  and  other  species  via  a  kinetically 
well  controlled  process. 

The  experiments  on  soot/Oa/Ar  aerosols  were  performed  at  temperatures  1500  K 
<T  <  3450  K,  at  which  O2  is  thermally  stable.  The  only  detectable  reaction  product 
was  CO.  Very  small  amounts  of  CO2  were  sometimes  measurable  at  the  end  of  the 
disposable  measurement  time.  The  soot  oxidation  rate  is  therefore  represented  by  the 
initial  slope  of  the  CO  concentration  profiles  at  early  reaction  times.  Assuming  the 
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global  heterogeneous  reaction 

C5  +  r02  — ♦  CO, 

4U 

the  measured  CO  formation  rates  can  be  transformed  into  reaction  probabilities  by 

_  d(CO]/dt 
“  2«pZo. 

The  munber  of  oxygen  collisions  per  rniit  time  and  unit  area  Zq^  can  be  determined 
from  the  Hertz-Knudsen  equation.  The  reacting  particle  surface  ap  per  unit  volume  of 
the  suspension  was  determined  from  extinction  measurements.  The  reaction  probabili¬ 
ties  for  soot  particle  oxidation  by  O2  are  shown  as  closed  triangles  in  the  Arrhenius 
representation  of  Fig.  2.  The  reaction  probabilities  depend  on  the  partial  pressm'e  of 
oxygen  and  decrease  with  temperature.  Their  values  are  in  a  good  agreement  with  the 
results  on  soot  and  graphite  oxidation  by  molecular  oxygen  reported  in  the  literature 
[3-5]. 

The  oxidation  of  soot  particles  dispersed  in  NO/ Ar  mixtures  containing  8  -  24%  NO 
was  studied  in  the  temperature  range  of  2033  K  <  T  <  3500  K.  Although  NO  is  known 
to  be  relatively  stable,  it  decomposes  under  the  given  reaction  conditions,  forming  other 
potentially  soot-oxidizing  species.  A  computer  simulation  of  the  NO  decomposition, 
based  on  a  mechanism  including  1),  gas-phase  reactions,  showed  that  O2  and  0  had 
to  be  taken  into  consideration  in  interpreting  the  measured  CO  concentration  profiles. 
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Also,  the  following  three  global  heterogeneous  reactions  were  introduced: 

Cs  +  0->C0  (FI) 

Cs  +  I02  ->  CO  (F2) 

C5  +  NO  CO  +  {HZ) 

The  reaction  probabilities  could  be  determined; by  httihg  the  calculated  CO  concen¬ 
tration  profiles  to  the  measured  ones.  The  results, obtained  are  shown  in  Fig.  2.  The 
reaction  probability  ajjQ  e^bits  Arrhenius  behaviour  and  can  be  well  represented  by 
“NO  ~  1.82exp(-1500  K/T).  Its  values'  agree  well  with  results  obtained  by  Rosner  et 
al.  [6],  Bradley  et  ql.  [1],  arid,  recently,  by  Cadman  et  al. 

The  soot  oxidation  by  0  atoms  was  studied  in  NaO/Ar  mixtures  containing  dis¬ 
persed  pMticles.  At  temperatures  between  1940  K  and  3200  K,  N2O  decomposes  rela¬ 
tively  fast.  Computer  simulations  of  the  gas-phase  kinetics  showed  that,  along  with  N2 
and  0,  considerable  amounts  of  NO  and  O2  were  also  produced.  As  in  the  case  of  the 
soot/NO/Ar  reactive  system,  all  measured  CO  concentration  profiles  were  fitted  to  the 
computed  ones  using  the  same  reaction  mechanism  as  described  before.  The  individual 
reaction  probabilities  for  the  soot  particle  oxidation  by  0  atoms  are  summarized  as 
closed  circles  in  Fig.  2.  As  in  the  previous  case,  the  scattering  of  the  data  is  relatively 
low  and  the  mesn  value  oq  =  0.23  is  temperature  independent. 

Thermal  Decomposition  and  Oxidation  of  Fullerene  Ceo 

To  investigate  the  thermal  and  chemical  stability  of  Ceo  at  temperatures  above 
1900  K,  again,  the  shock  wave  technique  was  applied.  In  each  experiment,  100  mg  of 
Ceo  powder  containing  1%  of  C70  (Fa.  Hoechst,  Germany)  was  filled  into  the  aerosol 
generator.  It  was  dispersed  by  an  expansion  wave  resulting  in  an  aerosol  containing 
Ceo  particles  of  initial  size  about  300  nm.  The  Ceo  aerosol  was  fUled  into  the  shock 
tube  and  heated  up  to  reaction  temperatures  by  a  shock  wave.  It  can  be  assumed  that 
several  subsequent  processes  occur  in  the  shock-heated  Ceo/Ar  aerosol.  Because  of  the 
relatively  high  vapour  pressure  of  Ceo.  the  solid  agglomerated  carbonaceous  particles 
start  to  evaporate  behind  the  shock  wave  with  the  typical  evaporation  time  of  40  /is. 
This  behaviour  is  different  from  that  of  the  soot  which  survives  in  the  particulate  form 
even  at  temperatures  as  high  as  3500  K.  Depending  on  the  temperature,  the  Ceo  vapour 
starts  to  decompose  or  react  with  the  decomposition  products,  as  can  be  observed  by 
the  spectral  emission  behaviour. 

In  the  first  series  of  experiments,  the  emission  characteristics  of  high-temperature 
fullerene  Ceo  vapour  were  studied  in  the  temperature  range  1900  K  <  T  <  3340  K  by 
means  of  the  CCD  camera  in  the  spectral  range  280  nm  <  A  <  560  run.  The  emission 
at  A  =  490  nm  was  typical  for  Ceo,  and  the  emission  band  at  A  =  518  run  was  identified 
to  result  from  C2.  From  the  temporal  behaviour  of  F490  and  E^s  emissions  normalized 
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Figure  3:  Disappearance  rate  of  emission  at  A  =  490  run  and  A  =  518  mn  during  Ceo 
pyrolysis. 

by  the  respective  maximum  values,  the  disappearance  rates  were  determined,  as  shown 
in  the  Arrhenius  diagram  of  Fig.  3.  The  measured  dEnsIdt  are  nearly  independent 
of  temperature,  whereas  the  values  of  dEm[dt  show  the  apparent  activation  energy  of 
199  kJ/mol,  which  is  about  four  times  of  4  lower  than  the  activation  energy  determined 
by  Sandler  ei  al  [7]  for  the  reaction  Ceo  C58+  C2.  This  indicates  that  the  secondary 
reaction  of  Ceo  and  C2  must  be  considered  imder  our  reaction  conditions,  insofar  as 
the  measured  emissions  are  representative  for  the  species  concentration  at  all.  To  get 
some  information  about  the  chemical  stability  of  fuUerene  with  respect  to  oxidation, 
some  experiments  on  Ceo  dispersed  in  02/Ar  mixtures  were  performed.  Their  results 
will  be  presented  in  the  full  paper. 
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Department  of  Chemical  Engineering,  Mendeleev  University  of  Chemical  Technology, 
Miusskaya  Sq,  9,  Moscow,  125820  Russia 


Most  of  the  combustion  catalysis  studies  have  been  focused  on  double-base  and 
composite  propeUants,  i.e.  on  the  systems  in  which  nitrogen  and  chlorine  oxides  act 
as  oxidizers.  The  results  of  these  studies  have  demonstrated  that  the  metals  efficiently 
catalyzing  certain  systems,  are  usuaUy  not  catalysts  for  others.  The  purpose  of  the 
present  work  is  to  elucidate  how  the  catalytic  activity  of  a  nvetal  depends  on  the  nature 
of  the  oxidizer. 

In  order  to  avoid  the  difficulties  of  interpretation  related  to  the  uniformity  of  cat¬ 
alyst  distribution  and  the  effects  of  particle  size,  complex  compounds  (CCs)  of  the 
[ML„]X2  type  were  used  as  the  objects  of  the  investigation.  These  compounds  may 
be  considered  as  model  compositions  with  meted  ion,  fuel  ligand  and  oxidizer  anion 
mixed  on  the  molecular  level.  The  salts  of  the  corresponding  acids  with  a  ligand, 
L'HX,  may  be  weU  taken  for  comparison  as  noncatalyzed  sy:tems.  Ethylenedieimine, 
H2NCH2CH2NH2,  (En)  is  an  exceUent  candidate  for  the  fuel  ligand,  because  it  can 
form  complex  compoimds  with  a  variety  of  metals,  as  well  as  relatively  s^ble  salts 
with  strongly  oxidizing  acids  (HNO2,  HNO3,  HCIO3,  HCIO4,  HBr03,  HIO3,  HIO4). 
Transition  meteds,  Ni(II)  and  Cu(II),  which  are  known  to  readily  participate  in  redox 
reactions,  and  also  Zn  eind  Cd,  which  are  generaUy  in  the  bivalent  state,  were  taken  to 
be  the  central  ions  in  the  CCs. 
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The  burning  rate  of  the  CCs  and  salts  of  En  was  determined  in  a  constant-pressure 
bomb  by  the  method  described  in  [1,2]. 

The  simplest  way  of  aliedyzing  the  catalytic  activity  of  a  metal  ion  in  combustion 
is  to  compare  the  trends  observed  in  combustion  of  various  CCs  with  En  salts  of  the 
same  anions.  Despite  some  uncertainty  related  to  the  dilference  between  the  energy 
properties  of  CCs  and  En-2HX  within  the  scope  of  this  approach,  the  data  obtained  for 
all  oxidizers  can  be  used  to  put  the  metals  in  the  order  of  decreasing  catalytic  activity: 
Cu  >  Ni  >  Cd  »  Zn. 

Previous  studies  of  combustion  of  the  ammonium  salts  of  various  inorganic  acids- 
oxidizers  have  shown  that  the  burning  rate  increases  with  the  standard  potential  Eq 
of  oxidizer  [3,  4).  The  authors  have  explcdned  this  trend  by  assuming  that  the  redox 
reactions  in  the  flame  are  rate-controlling.  A  comparison  of  the  mass  burning  rates 
of  the  salts,  Umf  obtained  in  the  present  work,  with  the  standard  potentials  of  acid- 
oxidizers  leads  to  similar  conclusions. 

The  kinetics  of  many  reactions  including  electron  transfer  (ET)  as  the  rate-controlling 
stage  is  known  to  be  described  by  the  Marcus  theory  [5,  6],  which  predicts  the  exis¬ 
tence  of  a  correlation  between  the  rate  constant  (1:)  and  the  driving  force  of  reaction 
(Eg*  -  Eg**'): 


=  AG°  -b  {Zi  -Zi-  1)-^, 

eri2 

AG°  (kcal/mol)  =  -23.06(Eg*  -  Eg"^), 


where  AG*  is  the  standard  activation  energy  of  ET,  rj2  is  the  collision  distance,  e  is  the 
electron  charge,  A  is  the  reorganization  energy  consisting  of  the  reorganization  energies 
of  the  reactant  molecules  and  the  medium,  /  is  the  factor  reflecting  the  effect  of  ionic 
strength,  AG°  is  the  corrected  standard  free  energy  of  ET;  AG°  is  the  standard  free 
energy  of  ET,  Eg*  and  Eg**^  are  the  standard  potentials  of  electron  donor  oxidation 
and  acceptor  reduction. 

Since,  according  to  Ya.  B.  Zel’dovich  [7],  the  burning  rate  depends  on  the  rate  of  the 
leading  reaction  its  value  may  be  used  for  the  analysis  in  terms  of  free  energy  change 
by  Marcus  theory. 

The  En-2HX  combustion  data  represented  by  In  versus  the  corresponding  values 
of  G°  are  well  described  by  a  straight  line  (Fig.  1),  which,  in  our  opinion,  suggests  that 
electron  transfer  is  the  rate-controlling  stage  in  the  combustion  process. 

The  known  oxidation  mechanism  of  coordination  compoimdc  of  transition  metals 
involves  initial  conversion  of  M(II)  to  M(in)  with  subsequent  electron  abstraction  from 
the  ligand  [8].  As  indicated  in  [9],  coordination  usually  results  in  that  a  M^'^/M^'*'  redox 
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Figure  1;  Dependence  of  the  mass  burning  rate  of  complex  compounds  and  En-2HX 
on  corrected  standard  free  energies  of  electron  transfer.  Solid  line  is  drown  through 
En-2HX  points. 


pair  is  available  at  lower  potentials,  and  therefore,  coordination  can  offer  the  possibility 
to  oxidize  Cd(II)  to  form  the  uncommon  Cd(III).  In  the  case  of  complexes  of  Zn,  the 
redox  potential  of  Zn^’^/Zn^+  (ss  4  V)  is  too  high  for  similar  conversion  to  occur  and, 
thus,  it  is  the  ligand  that  has  to  be  oxidized.  The  detailed  information  about  the  En 
complexes  is  limited,  and  we  are  forced  to  rely  on  an  estimation  following  [10].  The 
combustion  data  on  the  CCs  as  a  function  of  G®  show  a  general  trend  similar  to  that 
characteristic  of  En  salts  (Fig.  1).  Therefore,  we  can  speculate  that  the  redox  reactions 
are  rate-controlling  in  CCs  combustion,  and  the  role  of  metal  as  the  catalyst  amounts 
to  facilitating  ET  from  ligeuid  to  oxidizer.  Thus,  in  the  system  with  a  given  oxidizer, 
the  metal  ion  would  exhibit  catalytic  activity  in  combustion  only  when  it  is  capable  of 
changing  its  oxidation  state  and  when  the  oxidizer  can  facilitate  this  transition. 

This  research  has  been  supported  by  the  International  Science  Foundation  (Grant 
NO.CH3-3830). 
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DIFFERENT  MEANS  OF  DESCRIPTION  OF  THE  CHEMICAL 
AND  VIBRATIONAL  KINETICS  IN  A  COMPLEX  GAS 

MIXTURE 

O.  V.  Skrebkov 

Institute  of  Chemical  Physics  in  Chemogolovka,  Chemogolovka,  Russia 


There  is  a  broad  class  of  problems  requiring  joint  consideration  of  chemical  reaction 
kinetics  and  vibrational  energy  transfer  processes  in  the  dynamics  of  reactive  gaseous 
systems.  This  class  of  problems  includes  dynamics  of  explosions,  combustion,  flows 
arotmd  bodies,  and  nozzle  flows,  as  well  as  multicomponent  flows  involving  complex 
interaction  between  kinetics  and  gasdynamics,  with  the  time  scale  of  the  gas  flow  being 
of  the  same  order  as  the  vibrational  relaxation  time.  It  is  natural  that  simplified 
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luetic  sdiemes  are  necessarily  employed  in  the' numerical  studies  of  such  systems. 
The  extent  of  simplification  is  determined  by  the  particular  gasdynamic- conditions 
and  the  purpose  of  the  computation.  The  use  of  the  macroscopic  kinetics  [1-4]  in 
the  form  of  equations  for  ihean  vibrationeil  energies  and  concentrations  is  one  of  the 
approaches  that  drastically  reduce  the  number  of  kinetic  equations,  as  compared  to  the 
detailed  microscopic  description  in  the  form  of  population  balance  equations.  However, 
simplified  models  are  questionable  with. regard  to  their  validity  and  accuracy.  The 
answer  to  this  miestion  can  be  given  by  detailed  solution  of  elementary  kinetic  problems 
on  the  micr  .(.opic  level,  i.e.,  by  studying  the  simplest  systems  (in  terms  of  composition 
and  gasdynamics). 

The  results  of  solution  of  the  isothermal,  problem  of  vibrational  relaxation  in  a 
binary  mixture  of  diatomic  molecules  treated  as  anhumonic  oscillators  with  substan¬ 
tially  different  fundamental  vibrational  frequencies  (the  mixtures  are  CO  -I-  O2,  HCL 
+  Hj,  CO  -f  HF)  for  various  concentrations  and  initial  conditions,  formulated  within 
the  frameA^ork  of  microscopic  description,  are  presented  in  this  paper.  A  quantita¬ 
tive  comparison  of  micro-  and  macroscopic  descriptions  of  the  vibrational  kinetics  has 
been  performed  for  these  systems.  The  initial  conditions  used  in  the  computations  are 
characteristic  of  nozzle  flows  and  combustion  processes.  For  microscopic  description  of 
kinetics,  we  used  the  population  balance  equations  (see,  for  example,  [5])  incorporating 
all  possible  processes  of  the  type 


.(«) 


{/;s}  ^ 


(1) 


occurring  in  molecular  collisions  of  the  anharmonic  oscillators.  Here,  = 

s  the  rate  constant  of  the  g-th  process  in  which  /,■,  quanta  of  the  I'-th 

molecule  in  the  vibrational  state  /  are  exchanged  for  quanta  of  the  j-th  molecule  in 
the  vibrational  state  s.  The  quantity  Si  =  (mean  vibrational  quantum  stored 

/ 


in  the  i-th  mixture  component)  is  used  for  comparison;  Xij  is  the  iclative  population  at 
the  vibrational  level  /.  Under  the  harmonicity  assumption  for  molecular  vibrations,  we 
have  equations  for  the  mean  energies  Ei  -  (see,  for  example,  [1]).  On  the  whole, 
the  agreement  between  the  results  for  Si  and  Ei  can  be  estimated  only  as  qualitative. 
The  agreement  can  be  improved  and  brought  to  an  approximate  quantitative  level  for 
individual  stages  or  the  entire  process  by  introducing  into  the  equations  for  Ei  constant 
anharmonicity-correcting  (in  time-average  terms)  multipliers  for  the  rate  constants. 
However,  the  validity  of  this  parametric  method  of  correction  for  einharmonicity  within 
the  framework  of  macroscopic  description  is  limited  to  the  cases  of  either  the  simplest 
compositions  (for  example,  a  small  admixture  in  the  Boltzmann  thermostat)  or  systems 
with  relatively  low  vibrational  excitation  (5<(0)  <  1.0). 

The  knowledge  of  vibrational  level  populations  of  individual  mixture  components 
and  their  variation  in  chemical  eind  vibrational  interactions  is  of  primary  importance 
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for:solving  a  number  of  problems  (e.g.,  those  arising  in  modeling  upper  atmosphere 
processes j  working  fluid  flows  in  chemical  lasers  [6],  laser  emission  [7],  and  combus¬ 
tion  :or  detonation  wave  structtire).  However,  a  consistent  microscopic  formulation  of 
multicomponent  vibrational  kinetics  equations  and  solving  them  simultaneously  with 
gasdynamics  equations  would  be  impractical  because  of  the  absence  of  detailed  knowl¬ 
edge  of  elementary  kinetics. 

A  formulation  in  which  one  group  of  components  and  vibrational  states  is  treated 
microscopically  and  the  other-  macroscopically  significantly  reduces  the  number  of  vi¬ 
brational  states  and  associated  elementary  processes  taken  into  accoimt,  as  compared 
to  the  consistently  microscopic  approach;  An  example  of  sucli  a  combined  formula¬ 
tion  of  the  kinetic  equations  is  given  in  this  paper.  Here,  the.  subsystem  considered 
microscopically  is  a  mixture  of  diatomic  molecules  treated  as  anJiarmonic  oscillators 
chemically  and  vibrationally  interacting  with  one  another  and  with  the  remaining  gen¬ 
erally  polyatomic  components  comprising  the  macroscopic  subsystem.  In  addition  to 
the  elementary  processes  (1)  within  the  microscopic  .subsystem  and  the  macroscopic 
subsystem  [2],  the  collisions  of  molecules  of  components  treated  microscopically  with 
the  molecules  of  macroscopic  components  must  be  taken  into  account.  These  include: 

(a)  microscopic  reactions  of  the  form 

kr(f) 

»  Kif)  i  j^i 

where  Yi{f)  is  the  i-th  chemical  component  in  the  vibrational  state  /,  and  kr{f)f 
are  the  rate  constants  of  the  r-th  forward  and  backward  microscopic  chemi¬ 
cal  reactions;  one  of  the  stoichiometric  coefficients  Uir  or  of  the  i-th  component 
is  assumed  to  be  zero; 

(b)  deteiiled  vibrational  relaxation  of  the  molecules  treated  microscopically  and  mod¬ 
eled  by  anharmonic  oscillators  during  their  collisions  with  the  molecules  treated 
macroscopically  and  modeled  by  harmonic  oscillators 


*—  {/  ~  ~  "b  ^nq} •  (3) 

In  the  q-th  process,  a  change  in  the  quantum  number  /  of  the  anharmonic  os¬ 
cillator  of  the  i-th  species  by  ±/,-,  is  accompanied  oy  a  change  in  the  quantum 
numbers  Vm  and  Vn  of  the  m-th  and  n-th  harmonic  oscillators  of  the  species  j 
by  Hfnq  and  ±lnq,  respectively.  Within  the  framework  of  the  harmonic  oscillator 
model  for  the  w-th  and  n-th  inodes,  a  orocess  of  type  (3)  is  characterized  by  the 

f  /,  f-!nq] 

probability  Pj/'i/)  =  P  <  l^g,  0  >. 


^^5-  i 
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Fjar  given^translational  gas  temperature  and  pressure:(or  deiisity),  the  mixtrire  state 
is.  (ieterii^ed  by  the  .component  concentrations  nj  per  unit  mass  of  mixture,  mean 
energies  jBfc-of  the  mpdes-  treated  macroscopiccdly,  and  the  relative  populations  of  the 
microscppic  yibratiori^  .levels  Xif. 

The  kinetic  equations  ^combining  micro-  and  macroscopic  descriptions  in  a  reacting 
complex  gas  mixture  are  derived  from  the  complete  population  balance  equations  by 
appropriate  summation  over  the  vibrational  states  of  harmonic  oscillators,  and  v„. 
As  a  consequence,  additional  terihs  appear  on  the  right-hand  sides  of  equations  for  Ei, 
Ui,  and  These  terms  correspond  to.the  processes  of  types  (2)  and  (3)  and  correctly 
describe  the  chemicad  and  vibrational  behavior  of  both  microscopic  and  macroscopic 
components  considered. 

The  formulation  of  this  kinetic  problem  is  closed  by  the  analyticad  expression  for  the 
rate  constant  of  process  (3),  which  is  obtained  by  solving  the  corresponding  dynamic 
problem. 
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PECULIARITIES  OF  NITRIC  OXIDES  LIBERATION  DURING 

TWO-STAGE  BURNING 

L.  M.  Sobolev,  V.  A.  Karasev 

Institute  for  Agriculture.,  Kostroma,  Russia 

Two-stage  stratified  burning  reduces  the  requirements  for  octane  number  of  petrol, 
improves  fuel  economy  [1]  and  sharply  decreases  the  amount  of  pollutants,  especially 
nitric  oxides  NOa,  in  the  exhaust  gases.  The  design  of  double-bowl-in-head  combustion 
chamber  with  four  valves  (Fig.  1)  provides  the  conditions  for  two-stage  stratified  charge 
combustion  and  also  makes  it  possible  to  study  NO*  formation  in  the  separate  bowls 
5  and  6  of  the  combustion  chamber,  sampling  exhaust  gases  at  point  7,  and  the  total 
amount  of  NO*  at  point  8. 


Figure  1:  The  diagram  of  stratified  charge  formation  and  two-stage  combustion.  1  — 
dividing  bulge;  2,3  —  intake  and  exhaust  valves;  4  —  spark  plug;  5,  6  —  the  space  with 
spark  nlug  and  the  space  without  a  spark  plug;  7,  8  —  exhaust  gas  sampling  points. 


The  compositions  of  stratified  charge  in  the  separate  volumes  of  the  combustion 
chamber  influence  greatly  the  NO*  formation  in  the  engine  (Fig.  2).  In  the  conventional 
open  combustion  chamber,  the  mjiximum  amount  of  NO*  corresponds  to  the  mixture 
’"ith  the  relative  air /fuel  ratio  a  s;  1.1.  According  to  the  thermal  theory  of  NO* 
formation  developed  by  Ya.  B.  Zel’dovich,  the  temperature  of  the  working  fluid  is  close 
to  maximum,  find  there  is  enough  free  oxygen  under  these  conditions.  During  the  two- 
stage  combustion  the  maximum  amoimt  of  NO*  is  formed  when  the  lean  mixture  with 
ao  »  1.4  is  used,  but  uifFerent  amoimts  of  NO*  are  formed  in  the  separate  spaces  of 
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NO,mg/I  T,K 


Figure  2:  The  effect  of  fuel  mixture  composition  on  NO*  formation  at  compression 
ratio  £  =  8.2:  1  —  in  the  first  space;  2  —  in  the  second  space;  3  —  total  amount  of 
NO*. 

the  combustion  chamber.  Under  these  conditions,  the  fuel  mixture  with  oi  =  1. 0-1.1 
is  burned  in  the  space  with  a  spark  plug,  which  creates  favourable  conditions  for  NO* 
formation.  At  the  same  time  the  leaner  fuel  mixture  aa  «  1.5-1. 6  with  a  larger  amount 
of  free  oxygen  is  burned  in  the  space  without  a  spark  plug,  but  the  flame  temperature 
is  low,  which  results  in  the  amount  of  NO*  in  the  second  space  two  times  lower  than 
in  the  first  one. 

During  combustion  of  the  rich  mixture  of  common  strength  ao  w  0.9,  one  can 
observe  a  converse  pattern  of  NO*  emission  from  two-space  combustion  chamber.  In 
the  first  space,  the  fuel  mixtu  3  is  enriched  up  to  aj  w  0.6,  which  sharply  decreases 
the  temperature  of  the  charge  behind  the  flame  front  and  reduces  the  amount  of  NO*, 
imder  the  condition  of  the  deficit  of  free  oxygen,  by  three  times.  Tn  the  space  without 
the  spark  plug  the  fuel  mixture  composition  is  close  to  stoichiometric,  so  that  NO* 
formation  is  maximum  from  this  space. 

Increasing  compression  ratio  up  to  £  =  11.7  maintains  the  mechanism  of  nitric 
oxides  formation  at  charge  stratification  (Fig.  3a),  but  the  total  amount  of  NO*  is  nearly 
two  times  more  than  during  two-stage  stratified  charge  combustion  in  the  engine  with 
£  =  8.2.  The  sharp  increase  in  NO*  emission  from  an  engine  with  high  compression 
ratio  is  due  to  the  increasing  flame  temperatme  cind  the  concentration  of  reactants  in 
the  unit  mass  of  the  working  fluid. 

If  fuel  mixtures  of  the  same  composition  are  burned  in  the  two-space  combustion 
chamber  (Fip  3b),  the  character  of  NO*  formation  changes  completely.  In  two-stage 
burning  of  t..ie  uniform  fuel  mixture,  maximum  NO*  formation  corresponds  to  ao  w 
1.1,  as  in  one-space  combustion  chamber.  Nonstratified  rich  fuel  mixture  combustion 
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Figure  3:  The  effect  of  fuel  mixture  composition  on  NO*  formation  at  compression 
ratio  £  =  11.7;  a  —  stratified  fuel  mixture;  fa  —  nonstratilied  fuel  mixture;  1,  2,  3  — 
the  same  as  in  Fig.  2. 


results  in  equal  NO*  emission  from  both  of  the  spaces.  Two-stage  combustion  of  lean 
nonstratified  fuel  mixtures  takes  place  vmder  equal  thermal  conditions  of  the  working 
fluid  at  equal  concentration  of  free  oxygen  in  both  spaces,  some  decrease  of  the  amount 
of  NO*  in  the  second  space  is  due  to  the  reduction  of  combustion  dmation  in  this  space 
and,  as  a  result,  to  a  decrease  in  the  time  of  contact  of  chemically  inert  nitrogen  with 
free  oxygen. 
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PROCESS  ENGINEERING  CONCERNING 
REDUCED-POLLUTANT  THERMAL  DISPOSAL  OF 
HIGH-MOLECULAR  ORGANIC  RESIDUES  FROM  THE  CRUDE 

OIL  INDUSTRY 

J.  Sternberg,  E.  h.  R.  Jeschar,  R.  Scholz 

Instiiui  fur  Energieverfahrehsiechnik,  TU  Clausthal,  Germany 


Currently,  the  investigations  concerning  the  reduced-pollutant  thermal  disposal  of 
high-molecular  organic  residual  containing  solids  from  the  crude  oil  and  lignite  industry 
of  the  former  East  German  Republic  are  being  carried  out  in  a  combustion  chamber. 
These  inves  ons  are  conducted  within  the  scope  of  a  joint  reseeirch  project  by 

the  Institute  Energy  Processing  Technology  and  Chemical  Engineering  of  the  TU 
Bergakademie  Freiberg  and  the  Institute  for  Energy  Processing  Technology  of  the  TU 
Clausthal.  The  research  project  is  sponsored  by  the  Deutsche  Forschungsgemeinschaft 
(DFG).  The  residues  from  the  high-conversion  soaker  cracking  process  (HSC  residue) 
as  well  as  tar-oil-solid  mixtures  (TOS  residue)  remaining  after  the  pressurized  degasi¬ 
fication  of  lignite  briquettes  are  used.  Earlier  investigations  were  carried  out  with  a 
variety  of  residues  such  as  visbreaker  residual  oil  and  petrol  cokes  [1]. 

The  possibility  of  thermal  disposing  in  a  burning  chamber  firing  process  is  initially 
determined  by  the  physical  properties  of  the  type  of  fuel  used.  The  choice  of  a  suitable 
process  procedure  is  furthermore  dependent  on  the  goal  or  objective  aimed  at  and  the 
amount  of  pollutants.  The  types  of  pollutants  to  be  influenced  through  primary  mea¬ 
sures  are,  on  the  one  hand,  pollutants  such  as  carbon  monoxide  (CO),  hydrocarbons 
(CxHy),  and  soot,  as  well  as  other  similar  compounds,  and,  on  the  other  hand,  nitro¬ 
gen  oxides  (NOa).  The  meiin  nitrogen  oxide  formation  mechanisms  are  the  thermal 
NO  formation,  the  prompt  NO  formation  and  the  fuel  NO  formation.  The  knowledge 
about  the  formation  mechanism  of  the  thermal  NO  is  fully  understood  and  recorded. 
However,  in  the  case  of  the  fuel  and  the  prompt  NO  formation  the  knowledge  and  the 
understanding  of  the  processes  is  far  less  complete.  This  is  due  to  the  reactions  which 
occur  at  the  flame  front  which  are  far  more  complex.  In  the  case  of  the  technical  firings 
the  so  feir  frequently  disregarded  prompt  NO  formation  cannot  nowadays  be  ignored 
anymore  since  the  permissible  concentration  of  the  pollutants  is  very  low.  Hence,  the 
prompt  NO  formation  has  to  be  taken  into  account  when  optimizing  a  syst:'m.  The 
combustion  technical  measures  as  shown  in  Fig.  1  for  the  reduction  of  the  emission 
of  pollutants  can  at  times  compete  against  one  another;  for  example,  the  generation 
of  fuel-rich  reaction  conditions  reduces  the  nitrous  oxide  formation  but  promotes  the 
formation  of  soot.  The  most  recent  developments  have  shown  very  clearly  that,  espe¬ 
cially  with  respect  to  the  emission  of  nitrogen  oxides,  considerable  reduction  potential 
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Figure  1:  Aspects  to  process  procedure  conceptions  of  combustion.  CSR  =  continuously 
stirred  reactor;  PFR  =  plug  flow  reactor. 

through  consistent  application  of  primary  measures  exists,  which  has  imtil  now  been 
fuLly  exploited  [2). 

Tne  optimization  of  the  controlled  combustion  process  (staging)  with  an  existing 
reduction  potential  with  respect  to  the  pollutants  mentioned  above  is  represented  by  ex¬ 
amples  from  the  research  conducted  on  the  combustion  of  visbreaker  and  HSC  residual 
oil  and  petrolcokes. 

The  difference  in  the  liquid  fuels  mainly  lies  in  the  viscosity,  as  shown  in  Fig.  2. 
The  viscosity  of  visbreaker  residual  oil  is  nearly  the  same  as  that  of  crude  oil. 

First  investigations  with  conventional  atomization  systems  have  not  led  to  satis¬ 
fying  results  (Fig.  3)  with  respect  to  the  atomization  behavior,  the  achieved  degree 
of  burnout,  and  the  nitrogen  oxide  emission  in  the  case  of  the  HSC  residual  oil  com¬ 
bustion.  This  can  be  attributed  to  the  quality  of  atomization  achieved.  To  improve 
the  atomization,  the  concept,  as  proposed  by  [4]  of  a  prefilming  nozzle  was  developed 
further  and  for  the  first  tin\e  employed  in  a  combustion  system.  The  working  principle 
is  represented  in  Fig.  4.  The  nozzle  system  consists  of  three  concentric  lances.  The  fuel 
is  centrally  fed  through  the  t.ransport  lance.  The  swirling  primary  air  create^?  a  fuel  film 
on  the  inner  side  of  the  prefilming  lance  due  to  occurring  thrust  tensions.  This  film  is 
then  blown  off"  by  the  atomization  air  resulting  from  the  appearing  forces.  The  experi¬ 
mental  results  of  a  second  series  of  combustion  of  HSC  residual  oil  using  the  prefilming 
nozzle  are  also  shown  in  Fig.  3.  In  compeirison  to  the  first  series  of  experiments,  em¬ 
ploying  the  prefilming  nozzle  resulted  in  a  problem-free  operation.  The  nitrogen  oxide 
emission  in  the  second  experimental  series  was,  at  least,  equiv£ilent  to  that  obtained 
with  the  visbreaker  residual  oil  sometimes  even  better  biunout  chciracteristics. 

Combustion  of  petrol  cokes  using  the  disposal  of  solid  residuals  as  an  example  has 
been  reported  in  [Ij. 
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Figure  2:  Temperature  dependence  of  the  dynamic  viscosity  of  crude  oil,  vacuum  oil, 
and  HSC  residual  oils. 
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Figure  3:  Comparison  of  the  experimental  results  for  the  two-stage  combustion  of  HSC 
eind  visbreaker  residual  oil. 
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Figure  4:  Working  principle  of  the  ‘prelilming’  nozzle. 

References 

[1]  Jeschar,  R.,  Scholz,  R.,  Krone,  T.,  Schopf,  N.,  Kloppner,  G.,  Malek,  C.,  Sternberg, 
J.  DFG-Report  (SFB  134/04),  1992. 

[2]  Scholz,  R.,  Jeschar,  R.,  Beckmann,  M.,  Sternberg,  J.  Proc.  PTS-WAF-Seminar, 
1092. 

[3’  Scholz,  R.,  Sternberg,  J.  Proc.:  Energie  und  Umwelt*94,  Preiberg/Sachsen  23.3.- 
25.3.94. 

[4]  Glaser,  H.  W.  VDI-Fortschrittsberichte,  7;  Stromimgstechnik,  166,  VDI  Verlag 
Dusseldorf,  1989. 


79 


ZEL’DpVICH  MEMORIAL,.  12-1^  September  .  19 94 


KINETICS  OF  SOOT  FORMATION  IN  PYROLYSIS  OF 
HYDROCARBONS  AND  THEIR  MIXTURES 

P.  A.  Tesner,  S.  V»  Shurupov 

All-Russian  Institute.gf  Ndiufal-Gas,  VNIIGAZ,  p/o  Razvilka,  Moscow  Region,  142717  Russia 


Despite  the  vast  amount  of  data  available  in  literature  [1-4],  soot  formation  in 
hydrocarbon  pyrolysis  has  not  been  sufficiently  investigated. 

A  technique  for  studying  soot  formation  in  hydrocarbon  pyrolysis  imder  isothermal 
conditions  has  been  developed  in  VNIIGAZ  [5]. 


Table  1. 

Hydrocarbon  Particle  number  density  (JV/cm“^) 
methane  9.4  •  102°(CH4]  exp  (- 

3.0-1022[C2H2)expf-i^P^ 

2.7- 102i(CaH6]exp|-^“-®^ 
2.3-102i[C7H8)exp(-2^] 

1.7- 102MC8H,o]exp(-^) 


acetylene 

benzene 

toluene 

xylene 


methane 

acetylene 

benzene 

methane 

acetylene 

benzene 


Induction  periods  (r,„d/s) 

1.0  •  10-®(CH4)-°  ®exp  (^) 
3.8  •  lO-^fCzHz] 
6.2-10-^2[C6H6]'*°*exp( 


-0.0  exp  (1^) 
26700' 


1 

T  ) 


Rate  of  soot  particles  inception  {V /{cm~^-s~^)) 

7.2- 102*»(CH4p  ®exp  (-^) 
6.1-102'’(C2H2p®expf-^] 

3.3- 103^[C6H6]^*exp(- 


62000  1 
'  T 


[CHiJ,  [CjHjJjand  [C«He]  are  the  mole  fractions. 

Very  simple  patterns  were  observed  using  this  technique.  The  soot  particle  number 
density  for  all  hydrocarbons  imder  study  has  been  demonstrated  to  depend  linearly 
upor  hydrocarbon  concentration.  The  activation  energies  of  soot  aerosol  formation,  as 
well  as  the  expressions  for  soot  particle  number  density  for  methane,  acetylene,  benzene. 
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i'igure  1:  Surface  area  of  soot  vs  composition  of  the  mixture.  Mixtures:  1  —  acetylene- 
helium;  2  —  benzene-helimn;  3-5  —  acetylene-benzene-helium;  3  —  acetylene  concen¬ 
tration  is  constant;  7.5%;  4  —  benzene  concentration  is  constant:  8.0%;  5  —  acetylene 
and  benzene  concentrations  are  equal.  X  axis  (Mixtures  3-4):  the  concentration  of  the 
hydrocarbon  added;  (Mixture  5)  the  concentration  of  each  hydrocarbon. 

toluene  and  xylene,  were  obtained  (Table  1).  The  induction  periods  were  measured  to 
calculate  the  rate  of  soot  particles  formation. 

The  equations  obtained  enable  us  to  make  a  quantitative  comparison  between  hy- 
drocsu'bons  as  regards  their  soot  formation  affinity  imder  pyrolysis.  At  1700  K,  the 
relative  eiffinities  to  soot  formation  in  pyrolysis  (the  ratio  of  N\fN2  per  one  carbon 
atom,  as  well  as  the  ratio  of  soot  peir tides  numbers  in  1  g  of  soot  equalled  A® /A®, 
where  A  is  the  surface  area,  m®/g)  of  acetylene  benzene,  toluene,  xylene  and  methane 
amount  to  6;6:5:3.3:1,  respectively. 

Employing  the  isothermic  technique  in  the  study  of  soot  formation  from  hydrocar¬ 
bon  mixtures  has  resulted  in  observation  of  a  new  phenomenon,  namely  inhibition  of 
soot  psifticle  formation  [5j.  First,  for  acetylene-benzene  mixture,  it  has  been  shown 
that  soot  particles  are  formed  from  acetylene  only,  the  soot  formation  from  benzene 
being  completely  inhibited.  Benzene  is  consumed  by  soot  particle  growth  only.  That 
is  why  a  soot  dispersion  is  lower  for  acetylene-benzene  mixture  than  for  individual 
hydrocarbons  (Figs.  1-3). 

A  similar  effect  has  been  observed  in  the  following  mixtures:  methane-benzene, 
benzene-xylene,  benzene-naphthalene  and  benzene-anthracene.  It  has  been  demon¬ 
strated  that,  in  the  pyrolysis  of  methane-benzene  mixtures,  the  soot  particle  were 
formed  from  benzene  or  acetylene,  while  methane  was  consumed  by  soot  particle 
growth.  In  the  pyrolysis  of  benzene-xylene  mixture,  the  soot  particle  are  formed 
from  xylene,  benzene  being  consumed  only  by  particle  growth.  In  the  pyrolysis  of 
benzene-naphthalene  and  benzene-anthracene  mixtures,  the  soot  particles  are  formed 
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Figure  2:  Particle  number  density  vs. 
hydrocarbon  concentration  in  helium. 

1  —  methane,  2  —  acetylene.  3  —  ben¬ 
zene,  4  —  toluene,  5  —  xylene;  Tem¬ 
perature:  1,  2  —  1300  ®C,  3,  4,  5  — 
1200  ‘*0. 
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Figure  3:  Particle  number  density  vs 
reciprocal  temperature.  1  —  methane, 
2  —  acetylene,  3  —  benzene,  4  — 
toluene,  5  —  xylene. 


from  naphthalene  or  anthracene,  benzene  being  consumed  by  particle  growth  only. 

An  explanation  of  the  effect  of  inhibition  can  be  given  in  terms  of  the  difference 
in  induction  periods  of  soot  particle  formation.  The  soot  particles  are  formed  from 
the  hydrocarbon  with  the  shorter  induction  period.  The  hydrocarbon  with  the  longer 
induction  period  is  only  consumed  by  particle  growth  as  the  soot  nuclei  are  destroyed 
on  the  surface  of  the  particles  formed.  Obviously,  the  inhibition  observed  is  a  common 
pattern  of  soot  formation  in  the  pyrolysis  of  hydrocarbons  mixtures. 
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MECHANISMS  OF  CARBORAIME  1,6-C2B4H6 
HIGH-TEMPERATURE  OXIDATION  IN  WATER  VAPOR 

S.  A.  Tsyganov,  V.  G.  Slutsky,  E.  S.  Severin,  E.  V.  Bespalov 

Semenov  Institute  of  Chemical  Physics,  Kosygin  str.  4,  Moscow,  117977  Russia 

Abstract 

The  reactivity  of  carborane  1,6-C2B4H6  in  water  vapor  at  930-1750  K  and  0.02-3.0 
MPa  is  experimentally  investigated,  and  a  detailed  oxidation  scheme  is  proposed. 

Introduction 

High-temperature  oxidation  kinetics  for  compounds  consisting  of  C,  H,  and  N  atoms 
has  been  described  in  a  vast  number  of  publications,  among  which  the  works  by 
Zel’dovich  [1]  play  an  importsint  role.  The  results  of  these  works  serve  as  a  basis 
for  the  studies  of  the  poorly  investigated  oxidation  kinetics  for  compounds  containing 
B,  H,  and  C  atoms.  Carboranes  (C2B„Hn+2)  3  <  n  <  10)  belong  to  this  class  of 
compounds.  Carboranes  are  organoboron  corapoimds  with  boron  and  carbon  atoms 
forming  cage  structures.  Under  normal  conditions,  they  are  stable,  non-toxic,  and  have 
high  energetic  characteristics  due  to  the  considerable  boron  content. 

Experimental 

Gaseous  carborane-4  (1,6-C2B4H6,  Fig.  1)  appears  to  be  a  convenient  object  for 
investigations.  Experiments  on  self-ignition  of  the  0.038  C2B4H6  +  0.462  H2O  +  0.5 
Ar  gaseous  mixtiue  at  930if  <  T  <  1750  K  and  P(±10%)  =  0.02  MPa,  0.9  MPa, 
1.7  ?IPa,  and  3.0  MPa  were  carried  out  in  a  preheated  (403  ±  3  K)  rapid  compression 
machine  and  behind  reflected  shock  waves  in  a  preheated  (403  ±  3  K)  shock  tube  [2). 

Results  and  Discussion 

The  results  are  shown  in  Fig.  1.  For  comparison,  the  ignition  delay  t  is  also  shown 
in  Fig.  1  versus  temperature  for  the  stoichiometric  propane/air  mixture  at  P  =  0.9 
MPa. 

It  follows  from  Fig.  1  that  carborane-4  is  a  highly  reactive  compoimd:  at  P  =  0.9 
MPa  and  T  >  1200  K  its  reactivity  in  water  vapor  exceeds  that  of  propane  in  air  by 
a  factor  of  3  to  7.  Furthermore,  the  ignition  delay  for  carborane/water  vapor  mixture 
decreases  with  the  increasing  pressure  at  T  >  1200  K,  but  is  pressure  independent  at 
T  <  1000  K. 
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Figure  1:  Ignition  delays  for  0.038  C2B4H6  +  0.462  H2O  +  0.5  Ar  mixture.  Experi¬ 
mental  results:  (a),  (b),  and  (c)  correspond  to  P  -  0.02  MPa,  0.9  MPa.  and  0.9  MPa 
<  P  <  3.0  MPa,  respectively.  Predicted  results:  Unes  1  and  2  are  the  predictions  for 
P  =  0.02  MPa  and  P  =  0.9  MPa  obtained  using  the  scheme  of  Table  1.  Broken  line 
corresponds  to  self-ignition  of  stoichiometric  propane/air  mixture  at  P  =  0.9  MPa  [6], 


Table  1:  Kinetic  scheme  of  carborane  1,6-C2B4H6  oxidation  in  water  vapor 
(kcal/mol,  cm®/(mohs). 


Reaction 

logio-4 

E 

—  Aff298 

1 

C2B4H6 

— * 

BH2-C2B3H4 

12.5 

59.0 

-28.1 

2 

BH2-C2B3H4 

— » 

C2B4H6 

9.6 

30.0 

28.1 

3 

BH2-C2B3H4 

— > 

H2  3  -f  Hi  ’ 

11.3 

3.3 

33.4 

4 

3  +  H2O 

— > 

4  H2 

11.3 

3.3 

27.1 
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4-F  H2O 

— ► 

B(0H)3  +  C2B3H5 

il.3 

3.3 

16.6 
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6  +  Hi 

13.0 

20.0 

33.4 
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6  -}-  H2O 
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r  T  H2 
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20.0 
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8  -f  H2 

13.0 

20.0 

33.4 

9 

8  -}-  H2O 

- 4 

9 

13.0 

20.0 

13.4 

10 

9  -}•  H2O 

— ‘ 

10  -f  B(0H)3 

11.3 

3.3 

30.4 

11 

10  -j-  H2O 

— > 

11 

11.3 

3.3 

30.4 

12 

11  -f  H2O 

— » 

12  -b  B(0H)3 

11.3 

3.3 

30.4 

13 

12  -f  H2O 

— ♦ 

13  -1-  CH4 

11.3 

3.3 

.30.4 

14 

13  -1-  H2O 

— * 

B(0H)3  -I-  CH4 

11.3 

3.3 

30.4 

15 

H3BO3 

— » 

HBO2  +  H2O 

14.1 

54.5 

-48.0 

16 

HBO2  +  H2O 

H3BO3 

11.8 

11.9 

48.0 
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Figxire  2:  Sequence  of  carborane  I.6-C2B4K6  oxidation  in  \vater  vapor. 
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The  computed  [3]  equilibrium  constemt 


between  carborane-4  and  its  active  C-BHz  isomer  (Fig.  2),  which  contains  a  trivalent 
B  atom  in  an  exo-BHa  group,  points  to  the  high  concentration  of  these  isomers  at 
elevated  temperatures  (for  example,  at  T  =  1500  K  the  equilibrium  '■oncentration  of 
C-BHa  isomer  is  6.7>o).  Like  the  BH3  molecyls,  the  C-BHa  isomer  actively  reacts  with 
water  vapor,  which  explains  the  liigh  reactivity  of  carborane-4  in  water  vapor. 

Orthobcric  acid,  hydrogen,  and  the  lower  carborane-3,  CaBsHs,  are  the  products  of 
0-BHa  isomer/water  vapor  interaction  (Fig.  2).  The  constants  for  reactions  of  C-BHa 
isomer  and  its  derivatives  with  water  vapor  are  equal  to  the  reaction  rate  constant  of 
BH3  +  HaO 

^aua+Hjo  =  10”'^ exp  cm®mor^s“^  (2) 

The  estimation  of  the  ctirborane-3  —  water  vapor  reaction  rate  constant  yields 

I  kcal\  o  , 

«c,B3m+H20  =  10  exp  I — cm  mol  ‘s  (3) 


The  full  oxidation  scheme  for  carborane-4/ water  vapor  system  is  given  in  Fig.  2 
and  Table  1.  A  comparison  of  the  experimental  results  on  self-ignition  at  P  =  0.9  MPa 
and  T  <  1000  K  with  computations  made  it  possible  to  determine  the  rate  constant  of 
direct  carborcme-4  isomerization 


and  to  obtain  from  Eq.  (1)  the  constant  of  the  reverse  isomerization 


The  ignivion  delays  computed  by  the  full  scheme  satisfactorily  describe  the  experi¬ 
mental  data  in  the  entire  range  of  the  investigated  temperatures  and  pressures  (Fig.  1). 
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THE  EFFECT  OF  ELECTRIC  FIELD  ON  IGNITION  AND 
COMBUSTION  PROCESSES  OF  COMBUSTIBLE  GASES,  DUST 

AND  LIQUIDS 

D.  A.  Yagodiiikov,  A.  V.  Voroiiptskii 

Moscow 


Gaseous  fuels 

The  blow-off  characteristics  of  the  propane-air  premixed  flame  at  the  atmospheric 
pressure  in  a  bunsen  burner  with  electric  field  (EF)  applied  were  investigated.  In 
preliminary  experiments,  constant  potential  0.9  kV  was  created  between  the  burner 
nozzle  (negative  electrode)  10  mm  in  diameter  and  coaxial  metal  ring  electrode  75  mm 
in  diameter.  In  this  case,  longitudional  EF  was  realized.  Figur  j  1  shows  that  the  blow- 
off  velocity  V  increases  at  different  propane  flow  rates  G  and  reaches  a  peak  at  the 
distance  x  =  40-60  mm  between  the  nozzle  exit  and  the  ring  electrode.  It  is  known 
that  the  effect  of  EF  on  ignition  and  combustion  processes  is  realized  by  means  of  ionic 
wind  [1]  (coinciding  in  direction  with  positive  ions  movement)  or,  otherwise  because  of 
intensification  of  chemical  reactions  [2]  (in  the  presence  of  nitrogen).  Therefore,  with 
negative  voltage  applied  to  the  nozzle,  the  ionic  wind  directed  toward  the  burner  nozzle 
moves  the  hot  gases,  which  explains  the  increase  in  the  blow-off  velocity. 

Also,  flame  structure  was  studied  by  recording  ionization  current  i  at  various  po¬ 
sitions  of  the  ring  electrode  and  various  equivalence  ratios  (/>.  The  measurements  have 
shown  that  a  maximum  i  is  reached  at  some  distance  from  the  nozzle.  Its  position 
moved  from  the  nozzle  with  increasing  propane  flow  rate  (decreasing  <f>),  and  the  value 
of  i  increase  with  fuel-rich  premixed  flame  height  in  the  range  of  90-140  imn.  At  the 
highest  peak  of  i  (at  (j)  -  0.37)  fine  soot  particles  form  in  combustion  products,  whicli 
increases  electrical  conductivity  of  the  flame  [1].  The  extrema  of  i{x)  are  attributable 
to  the  existence  of  flame  regions  where  positive  ions,  electrons  and  soot  particles  con¬ 
centrations  are  the  highest. 

It  has  been  found  that  at  EF  voltage  0.9  kV  and  ionizalional  current  maximum 
0.002  mA,  emitted  Joule  heat  power  is  above  1.8  mW  and  cannot  intensify  ignition  and 
combustion  processes. 

In  the  second  series  of  experiments,  cylindrical  grid  electrodes  at  the  height  200 
mm  were  used  to  create  a  transverse  EF.  The  grids  were  made  of  stainless  steel  0.5-mm 
diameter  wire  with  mesh  size  1  to  1  mm.  The  experimental  results  are  presented  in 
Fig.  3  at  the  negative  potential  0.9  kV  at  the  burner  nozzle.  It  has  been  established 
that  blow-off  velocity  grows  as  the  cylindrical  electrode  diameter  D  decreases  at  vari¬ 
ous  values  of  G.  These  points  to  an  additional  EF  tension.  The  enhancement  can  be 
explained  by  the  effect  of  ionic  wind  directed  to  the  burner  nozzle.  In  conclusion,  it 
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V,  cm/s 


i,  fiA 


Figure  1:  Flame  blow-off  character-  Figure  2:  Dependence  of  i  on  a:  at  /  =  0.37 

istics  at  G  =  8  (1)  and  12  (2)  mg/s.  (1),  0.46  (2)  and  0.53  (3). 

Dashed  lines  —  values  V  by  zero- 
field. 


V,  cm/s 


D,imn 


Figure  3:  Flame  blow-off  characteristics  at  G  =  8  (1),  10  (2),  11  (3),  12  mg/s  (4). 
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can  be  mentioned  that  the  blow-off  velocity  in  the  second  series  was  by  18-20%  higher 
for  identical  conditions. 


Combustible  Dust 

In  the  present  work,  we  proposed  to  use  a  diffusion  bunsen-type  dust  flame  to 
study  the  EF  effect  on  metal  fuel  combustion.  An  aluminum  polydisperse  powder  is 
used  with  mass-average  particle  diameter  about  25  pm.  The  dust  flame  was  stabilized 
on  a  15-mm  diameter  burner  nozzle.  The  pilot  flame  of  temperature  2000  K  sufficed  to 
ignite  aluminum  particles.  Electric  field  was  created  between  the  nozzle  and  a  75-mm 
diameter  cylindrical  grid  electrode. 

In  the  test  with  negative  voltage  0.9  kV  applied  to  the  iiozzle,  flame  fluctuations 
and  periodical  variations  of  flame  surface  were  observed:  the  conical  shape  evolves  to 
the  shape  of  umbrella.  This  is  due  to  the  motion  of  aluminum  oxide  particles  towards 
the  cylindrical  electrode,  which  results  in  an  increase  in  the  ionization  current  from 
0.001  mA  (without  aluminum  particles  combustion)  to  0.1  mA.  Thus,  dust  flame  elec¬ 
trical  conductivity  is  enhanced  due  to  the  fact  that  aluminum  oxide  particles  acquire  a 
negative  charge  (mainly  by  electron  attacliment). 


Liquid  fuel 

The  purpose  of  this  experiment  was  to  study  the  effect  of  EF  on  flame  stabilization 
at  the  atmospheric  pressure  in  a  combustion  chamber  of  70  mm  by  70  mm  cross  section. 
A  hydrocarbon  fuel  (96%  vol.  of  ethylene  alcohol)  was  sprayed  into  a  chamber  through 
a  0.7-mm  diameter  swirl  injector.  A  frontal  PMMA  window  160  mm  long  and  70  mm 
wide  provided  the  optical  access  into  the  test  section.  Air  was  used  as  the  ox'.dizer. 
The  flame  front  was  stabilized  on  a  conical  holder  (cone  angle  90",  diameter  18  mm). 
Negative  voltage  1.5  kV  was  applied  to  the  bluff  body,  and  the  combustion  chamber  was 
grounded.  The  experiments  have  revealed  that  stable  combustion  occurs  at  distances 
between  injector  and  holder  not  more  than  60  mm.  Thus,  for  the  average  flow  velocity 
at  the  chamber  inlet  V=  0.8  m/s  the  equivalence  ratio  at  the  rich  combustion  stability 
limit  was  </>  =  0.55-0.6  (zero  field),  whereas  with  EF  superposition,  =  0.43-0.45 
(enhanced  by  about  23%).  It  is  well  known  that  flame  stabilization  limits  depend  on 
the  intensity  of  heat  and  mass  transfer  between  the  recirculation  zone  (RZ)  behind  a 
bluff-body  and  the  main  flow.  According  to  [3],  positive  ions  were  observed  in  RZ. 
Consequently,  the  ionic  wind  directed  to  the  negative  electrode-holder  increases  the 
RZ  length  and  compensates  for  the  decrease  in  combustion  temperature  in  enriched 
fuel-air  mixture. 

In  conclusion,  it  should  be  noted  that  the  low  required  energy  and  the  positive 
results  suggest  the  use  of  EF  for  intensification  of  combustion  processes  in  various 
engines. 
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SESSION  2.  Ignition  and  Steady-State  Flame 

Propagation 

IGNITION  THEORY  FOR  CONDENSED  PROPELLANTS: 
DEVELOPMENT  OF  ZEL’DOVICH  IDEAS 

Igor  G.  Assovskii 

Semenov  Institute  of  Chemical  Physics,  Kosygin  Str.  4,  Moscow,  117977  Russia 

Criteria  for  self-sustaining  combustion  process  are  the  subject  of  current  interest  in 
combustion  science  and  numerous  applications. 

The  objective  of  this  paper  is  to  show  how  the  ideas  about  ignition  and  extinction 
of  gasifiable  rocket  propellants  put  forward  by  Zel’dovich  are  nowadays  developed  and 
used  in  theories  of  ignition  process. 

There  are  many  similar  features  in  ignition  and  extinction  of  condensed  propellants, 
although  both  effects  are  usually  caused  by  different  sources.  For  example,  the  transient 
extinction  of  solid  propellants  due  to  fast  pressure  release  in  a  combustion  chamber  is 
often  accompanied  by  reignition  [1],  as  the  ignition  under  a  high  heat  flux  can  be 
followed  by  propellant  extinction  [2].  So,  advanced  analysis  of  each  of  these  effects  is 
required  to  adequately  understand  the  other  one. 

1.  The  principles  of  the  modern  theory  of  thermal  ignition  can  be  traced  back  to 
the  classical  work  by  Zel’dovich  and  Frank-Kamenetskii  [3]  on  combustion  wave 
propagation  in  gaseous  mixtures.  According  to  that  work,  the  reaction  proceeds  at 
the  maximum  temperature  in  the  combustion  wave,  and  the  propagation  process 
can  be  viewed  as  a  sequence  of  ignitions  of  fresh  gas  layers  by  hot  combuscmn 
products. 

The  next  step  was  made  in  [4],  where  the  initiation  of  exothermic  reaction  by 
hot  surface  was  considered.  The  ignition  was  linked  to  the  loss  of  stability  of  the 
steady-state  temperature  distribution  in  the  reacting  gas  near  the  hot  surface.  It 
has  been  shown  that  the  heat  flux  from  the  hot  surface  to  the  gas  is  zero  under 
the  critical  conditions,  and  the  heat  flux  from  the  gas  reaction  zone  to  the  cold 
gas  is  equal  to  its  minimum  value. 

These  results  extended  the  thermal  explosion  theory  of  van’t  Hoff  and  Semenov 
to  the  cases  where  exothermic  reaction  takes  place  under  nonuniform  thermal 
conditions. 

2.  The  application  of  the  theory  of  [3,  4)  to  the  problems  of  ignition  and  combustion 
of  gasifiable  condensed  propellants  (5,  6]  has  served  as  a  basis  for  two  approaches 
to  ignition. 
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The  first  approach  deals  only  with  the  initial  stage  of  thermal  decomposition  of 
a  condensed-phase  propellant  (  the  c-phase  approacli).  The  necessary  condition 
for  the  thermal  explosion  of  the  reacting  surface  layer  to  occur  is  assumed  to  be 
the  ignition  crite’-ion.  In  the  c-phase  approach,  ignition  is  not  affected  by  the 
characteristics  of  combustion  wave  propagation.  The  post-ignition  behavior  of 
the  system  is  not  considered  because  it  is  outside  of  the  scope  of  the  assumptions 
underlying  this  approach. 

Comprehensive  reviews  of  numerous  works  using  this  approacli  can  be  found  in 
(7.  8], 

The  other  approach  to  ignition  is  based  on  the  phenomenological  theory  of  non¬ 
steady  combustion  of  condensed  propellants  [5]  (the  phenomenological  approach). 
It  postulates  that  ignition  occurs  when  the  criterion  for  combustion  wave  prop¬ 
agation  is  surpassed  [9-11].  This  ignition  criterion  disregards  low- temperature 
thermal  decomposition  of  propellant. 

However,  propeilcint  ignition,  as  well  as  extinction,  is  close  to  the  boundaries  of 
the  domains  of  both  the  existence  of  a  combustion  wave  and  the  applicability  of 
the  theory  of  nonsteady  combustion  [11,12].  Therefore,  the  formulation  of  the 
ignition  criterion  requires  invoking  additional  information  concerning  formation 
of  the  combustion  wave. 

3.  The  propellant  ignition  criteria  are  commonly  used  to  determine  ignition  delay 
times.  However,  the  ignition  conditions  can  significantly  influence  the  subsequent 
combustion  rates  and  pressure  histories  in  combustion  chambers  [13].  Thus  an 
adequate  description  of  the  whole  ignition  process  is  required. 

Such  an  integrated  model  of  ignition,  proposed  in  [14],  combines  the  advantages 
of  boih  the  phenomenological  approach  (applied  to  the  transient  combustion  fol¬ 
lowing  the  initiation  of  the  combustion  wave)  and  the  c-phase  approach  (applied 
to  the  propellant  behavior  prior  to  the  flame  propagation).  This  model  takes  into 
account  the  heat  released  in  the  reaction  of  propellant  decomposition  during  the 
heating  and  the  difference  between  the  kinetics  of  low-temperature  decomposition 
and  the  kinetics  of  the  high-temperature  combustion  reactions. 


The  application  of  Zel’dovich  phenomenological  approach  to  the  initial  stage  of  com¬ 
bustion  wave  propagation  makes  it  possible  lo  effectively  include  complicated  physico¬ 
chemical  processes  involved  in  the  phenomenon. 

EXirther  developments  in  the  ignition  theory  have  been  directed  towards  a  more 
detailed  characterization  of  both  c-phase  thermal  decompos.ition  [15-18]  and  formation 
of  the  gas-phase  flame  [19]. 
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BURN  RATE  AND  SEM  STUDIES  ON  METAL  POWDER  (Ti,  Ni) 

BASED  FUEL  RICH  PROPELLANTS 

B.  K.  Athawale,  S.  N.  Asthana,  P.  G.  Shrotri,  Haridwar  Singh 

Explosives  Research  &  Development  Laboratory,  Pune  ^11  021,  India 

Introduction 

Metallized  fuel  rich  systems  have  emerged  as  an  important  class  of  rocket  pro¬ 
pellants  with  the  resurgence  of  ramjet  concept.  These  propellants  offer  much  higher 
lap  (  >  400  s)  in  air  breathing  rocket  ramjets  than  current  solid  propulsion  systems 
(<  350  s)  based  on  composite  and  composite  modified  double-base  (CMDB)  propel¬ 
lants.  Ducted  rockets  and  scramjets  operating  on  the  ramjet  principle  have  a  potential 
to  meet  the  requirements  of  advanced  futuristic  tactical  and  standoff  strategic  mis¬ 
siles.  Basically,  fuel-rich  propellants  comprise  metals  in  more  than  20%  proportion 
dispersed  in  a  polybutadiene  or  double-base  matrix.  Recently,  energetic  polymers  like 
glycidyl  azide  polymer  (GAP)  and  bis-azidomethyl  oxetane  (BAMO)  have  also  emerged 
as  binder/plasticizer  for  fuel- rich  propellants.  A  small  quantity  of  oxidizer  such  as  AP  i 

is  added  to  ensure  sustained  combustion.  Al,  Be,  B,  Mg  and  Zr  are  the  candidate  metal 
fuels  for  this  class  of  propellants.  Both  Al  and  Be  have  limitations  as  components  of  f 

fuel  rich  propellants  because  the  conditions  required  for  their  combustion  are  severe, 
due  to  the  protective  layer  of  metallic  oxide.  Furthermore,  BeO,  the  main  combustion 
product  of  Be,  is  toxic.  B  is  a  highly  attractive  fuel  for  ram  rockets  in  view  of  its 
highest  air/fuel  ratio  among  the  candidate  metals.  However,  high  melting  and  boiling 
points  of  B  result  in  combustion  inefficiency  of  fuel-rich  propellants  and  its  combustion 
product  B2O3  is  a  solid  or  a  highly  viscous  glassy  liquid.  Although  Mg  has  limitations 
due  to  its  relatively  low  air/fuel  ratio  (3.29),  Mg-based  fuel-rich  propellants  find  wide 
applications  owing  to  their  easy  ignition  even  at  high  metal  n-ading. 

Zr  and  Ti  also  have  a  potential  to  offer  f\iel-rich  propellants  with  efficient  com¬ 
bustion  because  of  the  advantage  of  solubility  of  their  oxides  in  the  molten  metal  and 
moderate  ignition  temperatures.  Zr  and  Ti  have  the  additional  advantage  of  high  den¬ 
sity,  as  compared  to  Al  and  Mg,  and  hence  offer  high  volumetric  impulse.  In  view  of 
high  reactivity  and  density,  Ni  also  appears  to  be  a  potential  fuel  for  ramjet  rockets. 

The  information  available  on  Zr-based  formulations  is  limited  and  both  Ti  and  Ni  are 
almost  unexplored  as  fuels.  We  have  earlier  reported  the  burn  rate  pattern  of  Zr-based 
propellants.  The  present  study  was  undertaken  to  investigate  in  detail  the  burn  rate 
behavior  of  Ti  and  Ni  based  fuel-rich  systems  in  comparison  to  Al  and  Zr  containing 
formulations  with  HTPB  and  double-base  binder  matrix  in  view  of  the  promising  results 
obtained  during  initied  studies  (initial  work  presented  in  VII  National  Seminar  on  High- 
Energy  Materials,  Feb’94).  The  potential  of  GAP  as  an  energetic  plasticizer  has  also 
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been  evaluated  in  a  double-base  matrix.  Scanning  electron  microscope  (SEM)  studies 
were  undertaken  to  understand  the  combustion  mechanism  of  fuel-rich  propellants  in 
condensed  phase.  The  theoretical  performance  of  Ti,  A1  and  Zr  based  compositions  in 
secondary  chamber  has  been  computed. 

Experimental 

Propellant  compositions  for  the  present  work  were  prepared  by  a  slurry  cast  tech¬ 
nique.  The  basic  composition  of  composite  formulation  was  20%  binder  [HTPB  12%, 
IDP  +  requisite  DDI  8%]  and  80%  filler  (20,  30, 40,  50,  60%  metallic  fuel  and  60,  50,  40, 
30,  20%  APj.  CMDB  compositions  comprised  30%  SNC  (NC  27%,  NG  2%,  Carbamite 
1%),  30%  casting  liquid  (NG  24%,  DEP  5.4%,  2-NDPA  0.6%)  and  40%  filler  (20,  30, 
40%  metallic  fuel  and  20,  10,  0%  AP).  In  the  case  of  GAP-based  compositions,  DEP 
was  replaced  by  GAP,  while  basic  composition  remained  the  same. 

The  burn  rates  were  determined  by  acoustic  emission  technique  at  10,  20,  35,  50, 
70  and  90  KSC  using  a  piezoelectric  transducer  with  a  resonance  frequency  of  200  kHz. 
The  extinguished  propellant  samples  were  subjected  to  SEM  (JEOL  ISM  J  200)  stud¬ 
ies.  NASA  CEC-71  code  was  adopted  to  theoretically  predict  the  ballistic  performance 
of  fuel-rich  compositions  in  the  secondary  chamber,  except  for  the  Ni-based  formula¬ 
tions,  since  required  thermochemical  data  on  Ni  was  not  easily  available. 

Results  and  Discussion 

Composition  containing  20%  A1  with  60%  AP  in  the  HTPB  binder  was  taken  as 
the  control.  In  exhibited  burn  rates  of  3.9-6.8  mm/s  in  the  10-90  KSC  pressure  range. 
On  increase  in  A1  content  to  30-40%  level  at  the  cost  of  AP,  stable  combustion  could 
not  be  achieved  at  10  20  KSC  and  there  was  a  drop  in  burn  rates  by  40-50%  in  the 

35-90  KSC  region.  In  the  case  of  20%  Ti-based  formulation,  th''  burn  ■■ates  were  found 
to  be  comparable  to  those  of  corresponding  aluminized  I'ormulai.ion.  Unlike  aluminized 
composition  with  30-40%  metal  content,  the  corresponding  Ti-based  formulations  ex¬ 
hibited  stable  combustion  even  at  lower  pressures  (10  &  20  KSC)  and  produced  30-60% 
higher  burn  rates  in  the  35-90  KSC  region. 

The  fuel-rich  propellant  with  50%  A1  did  not  exhibit  sustained  stable  combustion 
in  the  pressure  range  of  10-50  KSC  and  that  with  60%  A1  in  the  pressure  range  of 
10-90%  KSC.  However,  the  corresponding  Ti-based  fuel  gave  stable  combustion  in  the 
entire  pressure  range  of  10-90  KSC.  As  compared  to  Zr-based  formulations,  burn  rates 
obtained  for  20-40%  Ti  based  compositions  were  relatively  lower  (5-20%).  However, 
with  50-60%  metal  content  Ti  exhibited  superior  combustion  behaviour.  These  results 
establish  superior  combustion  efficiency  of  Ti-based  propellants  with  high  metal  content 
at  lower  pressures. 

Metallized  double-base  composition  with  20%  A1  and  20%  AP  content  was  taken 
as  the  reference  composition  for  comparative  burn  rate  evaluation  of  fuel-rich  formula- 
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tions  in  a  double-base  matrix.  It  yielded  burn  rates  of  8.2-16.4  mm/s  in  the  3a  -90  KSC 
region.  On  increase  in  A1  content  to  the  30%  level  at  the  cost  of  AP,  stable  combustion 
could  not  be  achieved  at  35  &  50  KSC  and  burn  rates  recorded  at  70  &  90  KSC  were 
low-ed  by  40-50%.  The  formulation  with  20%  of  Ti  exhibited  burn  rates  more  or  less 
?;..:ilar  to  those  for  the  aluminized  propellant.  Unlike  the  aluminized  propellant,  the 
30%  Ti'based  formulation  was  characterized  by  stable  combustion  at  35  &  50  KSC  and 
the  burn  rates  obtained  at  70  &  90  KSC  were  by  20-30%  higher.  20-30%  Ni-based  pro¬ 
pellants  yielded  burn  rates  comparable  to  those  for  the  Ti  formulation.  However,  unlike 
Ti,  stable  combustion  could  be  achieved  even  at  lower  pressures  (10  &  20  KSC)  with 
Ni-based  propellants,  as  in  the  case  of  Zr-based  formulations.  Burn  rates  recorded  for 
both  Ti  and  Ni  containing  compositions  were  relatively  lower  than  those  for  Zr-based 
formulations.  While  the  40%  Ti-based  composition  did  not  undergo  stable  combustion 
in  the  entire  pressure  range,  40%  Zr-based  formulations  did  not  exhibit  stable  combus¬ 
tion  in  the  pressure  range  of  10-20  KSC.  However,  the  corresponding  Ni-based  fuel-rich 
propellant  showed  sustained  combustion  in  the  entire  pressure  range.  Incorporation  of 
GAP  led  to  a  remarkable  (two  to  threefold)  increase  in  burn  rates  for  all  the  compo¬ 
sitions  and  resulted  in  stable  combustion  even  with  40%  Ti  as  in  the  case  of  Al-based 
formulation  in  a  double-base  matrix. 

Relatively  poor  combustion  efficiency  of  aluminized  propellants  at  low  pressure  and 
high  metal  loading  can  be  attributed  to  the  fact  that  aluminum  combustion  occurs 
at  ~  2500  K,  while  the  ignition  temperature  of  Zr  and  Ti  is  ~  1200  K  which  can 
be  achieved  near  the  burning  surface  of  the  propellant.  Supporting  evidences  were 
obtained  by  SEM.  Thus,  aluminized  formations  exhibited  formulation  of  agglomerates 
of  unburnt  metal  on  the  extinguished  surface,  while  in  the  case  of  Ti-  and  Zr-based 
formulations  expansion  of  metal  particles  followed  by  decomposition  of  overall  surface 
was  observed.  Theoretical  I,p  for  Ti-based  fuel-rich  compositions  was  found  to  be  ~  500 
s  at  A/F  =  5  as  in  the  case  of  Al-  and  Zr-based  formulations. 
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A  METHOD  OF  REDUCTION  OF  TEMPERATURE 
SENSITIVITY  OF  BURNING  RATE  FOR  HOMOGENEOUS 
CONDENSED  SYSTEMS 

Nikolai  N.  Bakhman,  Igor  N.  Lobanov 

Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 


It  is  very  important  for  certain  types  of  solid  propellants  (SP)  to  ensure  a  sufficiently 
small  temperature  sensitivity  of  burning  rate. 

We  consider  a  possible  method  of  reducing  this  sensitivity.  Let  us  take  a  basic 
system  where  the  rate- controlling  reaction  occurs  in  the  gas  phase  in  the  kinetic  regime 
with  sufficiently  high  activation  energy  and  introduce  into  this  system  a  certain  amount 
of  solid  particles  capable  of  reacting  in  the  diffusion  regime.  A  simple  theoretical 
model  was  proposed  in  [1]  for  the  case  when  both  the  gas  and  the  particles  react 
in  the  same  zone.  The  following  expression  for  the  burning  rate  u  was  obtained:  u  ~ 
{Fhom  +  Fhet)°'^,  where  Fhom,  Fhet  is  the  heat  release  rate,  J/cm^s,  due  to  homogeneous 
reaction  in  the  gas  phase  and  heterogeneous  reaction  on  the  surface  of  solid  particles 
(or  liqi’.id  droplets),  respectively.  A  common  expression  was  taken  for  Fhom,  namely 
Fhom  =  Ap'^’' exp{- E j RTb),  where  Tb  is  the  temperature  in  the  reaction  zone.  The 
following  expression  was  used  for  the  value  of  Fhet  in  the  case  of  sufficiently  small 
particles:  Fhet  =  Bd~‘^PgDujv  =  B\d''^pT^~^ ,  where  d  is  the  particle  diameter,  pg  is 
the  gas  density,  D  is  the  diffusivity  of  the  gaseous  component  reacting  on  the  particle 
surface,  v  is  the  gas  velocity,  and  2  -  n  —  0-0.25.  Thus,  the  theoretical  dependence 
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of  Fhet  on  the  temperature  of  the  environment,  Tc,  (in  this  case  Tg  =  Ti  )  is  very 
weak.  Therefore,  addition  of  particles  reacting  in  the  diffusion  regime  can  reduce  the 
temperature  sensitivity  of  systems  reacting  in  the  kinetic  regime. 

In  the  case  of  particles  of  heterogeneous  catalysts,  their  content  is  commonly  small 
(1-5%  by  mass)  and  the  value  Ti,  for  the  catalyzed  system  is  close  to  that  for  the  basic 
system  {Ti  ~  Tjo);  here,  suffix  0  refers  to  the  basic  system.  In  this  case,  the  following 
expression  for  the  temperature  exponent  of  the  burning  rate,  (3  =  dhxu! dTin~  can  be 
obtained:  0  =  here  suffix  in  refers  to  the  initial  temperature  of  the  system  and 

Z  —  u/uo-  In  the  case  of  particles  of  alumintim  or  other  metals  with  sufficiently  high 
heat  of  combustion.  Tty  >  T^q  and  =  j9o-^''^(7io/^fc)  exp(E/E)(l/Tio  -  1/^fc)- 

It  has  been  demonstrated  in  [2]  that  the  equation  =  /3o/.2^  is  consistent  with  the 
experimental  data  for  AP  -t  PMMA  +  1%  Fe2  03  mixtures: 
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However,  it  is  interesting  to  consider  not  only  the  simple  theoretical  expression  for 
Fhet  mentioned  above  but  also  the  experimental  data  pertaining  to  the  dependence  of 
the  burning  rate  of  particles  (or  droplets)  on  Te-  The  common  equation  for  the  variation 
of  particle  (or  droplet)  diameter  in  the  course  of  burning  is  d^  =  d?,  -  Kt,  where  K  is 
a  constant,  t  is  time  and  d^  =  dt:=o-  In  this  case,  we  obtain  Fhet  ~  B^pd^'^ K ITg. 

The  experimental  data  of  [3-6]  were  plotted  in  the  (In  A,  l/Tg)  plane,  and  the  fol¬ 
lowing  values  of  the  effective  activation  energy  Egff  were  calculated: 


Fuel 

Tg  range,  K 

Egjj  kc?'/mole 

Ref.  1 

Kerosene 

920  d- 1070 

5.5 

[3] 

Cetane 

870-M170 

5.3 

[3] 

Kerosene 

850  ^  1 150 

3.1 

[4] 

Coal 

1140-=-  1390 

8.4 

[5] 

Al-Mg  alloy 

1150-M350 

6.4 

[6] 

These  values  of  Egj /  are  very  small  as  compared  to  the  common  values  of  E  =  20--40 
kcal/mole  for  gaseous  reactions  typical  for  SP  combustion.  Of  course,  the  range  of  Tg 
studied  in  [3-6]  lies  far  below  the  common  range  of  %  for  SP  [^l\  ~  2500-3500  K). 
Nevertheless,  the  experimental  data  of  [3-6]  seem  to  be  consistent  with  the  idea  (and 
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the  experimental  results  of  [2])  that  the  temperature  sensitivity  of  the  burning  rate  in 
homogeneous  systems  can  be  reduced  by  addition  of  particles  (or  droplets)  reacting  in 
the  diffusion  regime. 
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THE  MODELLING  OF  THERMAL  WAVES  IN  CATALYTIC 
SYSTEMS  WITH  CRITICAL  PHENOMENA 

V.  I,  Bykov*,  T.  1.  Vishnevskaya*,  K.  G.  Shkadinsky* 

'Krasnoyarsk  State  University,  Krasnoyarsk,  Russia 
^Institute  of  Structural  Macrokinetics,  Chernogolovka,  Russia 


The  wave  phenomena  in  chemical  systems  currently  attract  considerable  attention 
of  investigators  [1.  2).  Such  nonlinear  and  transient  effects  have  also  been  found  in 
heterogeneous  catalytic  reactions.  For  example,  the  wave  and  self-oscillative  regimes  of 
CO  oxidation  reaction  on  a  fine  platinum  filament  have  been  found  by  Barelko  [3]. 
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In  this  work  we  consider  a  qualitative  mathematical  model  of  wave  regimes  in  chem¬ 
ical  systems  of  the  type 


dr 

dx 

dr 


=  \-^  +  W{T,x)-aiT-To), 
=  FiT,x). 


(1) 

(2) 


Here,  the  first  equation  governs  the  heat  balance  of  the  system,  and  the  second  equation 
is  a  kinetic  submodel  corresponding  to  a  certain  mechanism  of  chemical  reaction. 

At  present  the  mathematical  analysis  of  wave  solutions  for  systems  of  type  (1)  and 
(2)  is  carried  out  only  for  particular  cases.  The  application  of  numerical  methods  also 
requires  some  a  priori  information  to  construct  an  effective  computational  algorithm. 
However,  if  the  characteristic  times  of  chemical  interaction  are  substantially  shorter 
than  those  of  heat  relaxation  one  can  invoke  the  quasistationarity  principle  and  re¬ 
duce  the  determination  of  concentration  X{t)  to  the  solution  of  the  transcendental 
equation(s) 

FiT,x)  =  Q.  (3) 

If  X  is  unique  and  stable  over  the  entire  range  of  t  ,  then,  substituting  X(t)  into 
the  first  equation,  we  obtain  a  single  equation  of  the  type  of  (1),  the  wave  solutions  of 
which  have  been  thoroughly  analyzed  [4].  If  Eq.  (3)  has  a  nonunique  and  stable  solution 
X,  or  if  Eq.  (3)  has  a  unique  and  unstable  solution  X  for  all  t,  then,  substituting  X{t) 
into  the  first  equation,  we  obtain  a  single  equation  of  the  type  of  (1)  with  hysteretic  or 
oscillating  sources  of  the  form 


fiT)=:W{T,x)-a{T-To). 


In  this  paper,  a  general  scheme  of  application  of  the  mathematical  model  of  wave 
phenomena  in  chemical  systems  will  be  proposed  and  two  algorithms  for  constructing 
a  wave  solution  will  be  formulated.  The  first  algorithm,  based  on  an  analysis  of  the 
Semenov  diagram,  provides  the  wave  existence  conditions.  In  this  algorithm,  we  go  from 
a  hysteretic  dependence  to  a  single-valued  function.  The  second  algorithm  involves  an 
analysis  of  the  phase  plane  of  the  kinetic  submodel  and  describes  wave  regimes  in 
chemical  systems  with  self-osciliations.  To  study  wave  relaxation  to  a  steady  state  in 
terms  of  profile  and  propagation  rate,  it  is  nesessary  to  solve  the  whole  set  (1)  and  (2) 
by  finite-difference  methods. 

The  present  general  scheme  for  the  analysis  of  wave  phenomena  in  catalytic  systems 
has  been  realized  for  the  models  of  autocatalytic  trigger,  oscillator,  and  the  model 
reaction  of  CO  oxidation  on  Ft. 

If  Eq.  (2)  corresponds  to  the  kinetic  model  of  an  autocatalytic  trigger  [5],  it  has 
the  form 


—  =  kipz  -  k^ix  -  k2xz^,  z  =  I  ~  x, 

OT 


(4) 
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where  ki  are  the  reaction  rates,  and  p  is  the  partial  pressure  of  the  gaseous  reactant. 
According  to  Bykov  [5],  in  some  parameter  region  the  kinetic  submodel  (4)  admits  three 
steady  states  (two  stable  and  one  unstable).  The  knowledge  of  steady-state  multiplicity 
region  makes  it  possible  to  effectively  use  the  algorithm  for  estimating  the  wave  solutions 
for  the  hysteretic  source  proposed  above.  In  this  case,  the  initial  conditions  must  lie  in 
the  neighbourhood  of  stable  steady  states  in  the  (T,  x)  plane. 

Suppose  Eq.  (2)  corresponds  to  the  kinetic  model  of  autocatalytic  oscillator  [5], 
i.e.,  has  the  form 


—  =  k\pz  -  k^\x  -  kixz^ , 
OT 


% 

dr 


kzz  -  k-zy,  z=:l-x-y. 


(5) 


According  to  Bykov  (5),  in  some  parameter  region  kinetic  submodel  (5)  admits  one 
unstable  steady  state.  In  this  case,  we  can  find  wave  solutions  by  the  second  algorithm 
and  obtain  wave  profiles  and  propagation  rates. 

If  Eq.  (2)  corresponds  to  the  kinetic  model  of  the  reaction  of  CO  oxidation  on  Pt 
(5),  i.e.,  has  the  form 


~  =  2kipi(l  -  X  -  yY -2k-ix^  -  kzxy  -  k4P2X, 

OT 

^  =  k2P2{l~x-y)-k.2y-k-zxy, 


(6) 


where  x,y,l-x-y  ave  the  concentrations  of  PtO,  PtCO,  Pt,  and pi,  p2  are  the  partial 
pressures  of  O2,  COj.  In  some  parameter  region,  the  kinetic  submodel  (4)  admits  three 
steady  states  (two  stable  and  one  unstable)  (5).  According  to  the  general  scheme  of  (1) 
and  (6),  the  conditions  of  reaction  wave  existence,  wave  profiles  and  propagation  rates 
are  obtained. 


Conclusion 

We  have  proposed  a  general  scheme  designed  to  apply  the  mathematical  model  of 
thermal  waves  in  catalytic  systems  with  critical  phenomena  and  two  efficient  algorithms 
for  constructing  a  wave  solution  based  on  the  essential  features  of  the  phase  plots  of 
kinetic  subsystems.  These  algorithms  were  realized  for  three  model  systems.  In  such 
situations,  the  criteria  for  reaction  wave  existence,  the  wave  profiles  and  propagating 
rates  have  been  obtained. 
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Introduction 

n6h-Ereiauxed  ( diffusion);  fla&e^  as  a  .series  of  thin 

“flMneiets”  of  different  properties.  The  inner  structure  of, these  flaiheleti  is  controlled 
by  ihoiecular  mass  and  heM  tr^sfer  similar,  to  the  l^naf  dlffuMbn  flame  [l).  Since  the 
flmelet  is  very  thin,  it  can  be  described  by  a  qne-dimehsipnal.set  of  tr^sport  equa¬ 
tions  [1].  A  formal  copfdihate.tr^sformation,  using  the  rmxtine  fraction,  (a  conserved 
property  df'the  reacting  flow)  as  an  independent  V^iable  leads  tp-a  “universal  dekrip- 
tionf’  pf'thesflameleUproperties.=[l].  This  cte  be  ^pnp  by  introducing  a  tagrangian 


fraction,  /f  taken.'as>ahrihdependeht»variable42]i.A®si^fii8'CW^  molecule  diffusiviT 


equations'  for  energy  i^drspecies-concehtratiphs As  A  result  of  the  coordinate 
transformation,  a  new  important  pMameter  is  intfpduced;int6sthe.iequatiPhSj  naihdy. 


itHe^aftstant.^epus,  scalar  rdissipatibhflat^^^  The  valuerof.^x  can 

;  .h;e;^u|fd/ia|4ar:;measinie,iof?;t|ihi#sJaht^ep^s#;ratp;^f!^ 

.’Tfo;mitKe/fl^el|tr.^^--9;^7  ■.^,  • ,' ,  ".  *  '-r  '  ■  . 

.,ThhXpBjec|i,y,esfpfetHis^  }Fhst3..the:flhmeleh;t^  equatiphs 

:sifuctu|e>pf5r&nn^%fflphiaetsjja^ely'.,4he>ihst.4P^|tiephS’%^peratiure'ah^^ 

Ipeci^ ;ppncehtratibhsX(,GH|ii0|vM2V. 

rah|ihgf|etwe%?\erd?ahd-phbi;^i^erei':strnctures-are.presehtedffcr'-.a^^^ 

siptedictionv,, secondly, 


■<■  »  ’V"', 


(dufJtp\<:^6r,asph|itiyity;;pM|iermp-N^':kmetics^^^^^^^^  pfi  thermal 

;ra^atiphiph;iherm,alvNQ;dprmatipmbver'  a>'^M^  andi.mixture 

fractiph4s,»4s6?ihYestigat;edl^d=reshits:reveal'^h(DW'N.Q'  can  be  grossly  pverpjedicteddf 
thbrm'^Vfadiatiph4r6mlflMneiets;<iM|h^^  ,  ‘ 

Flamelet  Basic  Eq^ 

The  speciesr-baiahce  equatioh*  for:  steady-state  diffusion  flamelet  is  written  as  (2) 


■n2  y,.  “J-'- 


(1) 


where;^  ilthe  gas'densUy,  /as  ’ihe  nuxture  fraction  (a  passive  scalar),  Wj  is  the  reaction 
rate’pf  reaction  j,  J  is  the  total -nimiher  of  a  reduced  reaction  mechanism,  Vij  are 
^oichipmetric  coefficients  denoting  thenumber  of  molecules  of  species  i  participating 
in  reaction  jj  aiid  y-and  Jfj  are  the  instaiitah^us  scalar  dissipation  rate  artd  convenient 
massscpncehtratiph;6fispeciesf,/respectively. 

'The'flamelet:ehergy  equati6h;cah;be  obtained  from  the.  energysbalance  equation  for 
amomprenuxedmameffiy  thessaihe  transformation  technique  used  to  obtain  Eq;  (1). 
•WeiagSin  assumei-umty  liewismumbera^  upply  theicoordinatedransformation  to  the 
Shvab-Zerdpvich  energy  equatiphdp  obtain  the  flamelet  energy  bEdaiice  equation  as 


a2h  ^ 

-P{xn)^f  =  (-AH)£Q,tVj-  V.  S  (2) 

where  (>^A.ff.).-is  the  heat  released  from*  a  one-step  global  irreversible,  stoichiometric 
reactibn  bf  the  fueli  QjVis>the  ratip;pf  the,  heat  Teleased  from  reaction  j,  t6;(,-r  A,ff  ).and 
hi:  isdlieisehsiblevehthalpy;  ii.thedhermal  radiation  source  term; mpdelied  by  the 
optically  dhihrapprbximatiph)  The  needed  mean  absbrptiort  coefficient:  of  the^mixture 
is-  calculated  bhdhevbasisibf  a .n^rbw;  bandimbdeV  usingrilAPGAL  program;  [4].  The 
radiatihgispeciefjhvthei^culatibh  ihciudeaC02vC6j  H2(3/and-.CHi. 

Oh_the  basis  of:steady^state,'>iequilibrium;ahd  pjwrtial:equilibrimh?assumptibns',  the 
full.reactibh<mechaiusm  bf;CH4?-air  cprabustioh'-has  been  reduced,. by  aigobd  number 
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Figure  1:  Flamelet  properties  state 
relationships  of  the  CH4-air  non- 
premixed  flame  without  radiation  heat 
loss  at  X  =  1  s“^. 

of  investigators,  to  a  four-step  mechanism  (1-2,  5-6)  and  subsequently  to  a  three  step 
mechanism.  The  present  work  adopts  the  latter,  namely, 

CH4  +  O2  -*  CO  -t-  H2  +  H2O  (I) 

CO  +  H2O  CO2  +  H2  (II) 

O2  +  2H2  ^  2H2O  (III) 

The  reaction  rates  of  the  above  chemical  kinetic  mechanism  are  used  in  Eq.  (1)  to  eval¬ 
uate  the  mass  concentration  profile  of  all  species  except  NO,  and  in  Eq.  (2)  to  calculate 
flamelet  temperature  profile  for  a  given  value  of  x-  Then,  without  loss  of  generality, 
the  simpler  Zel’dovich  mechanism  [7]  is  used  to  investigate  thermal  radiation  effects  on 
NO  formation. 

Results  and  Discussion 

The  flamelet  properties  state  relationships,  of  the  methane-air  non-premixed  flame, 
with  and  without  radiation  heat  loss,  for  a  fixed  scalar  dissipation  rate  x  =  1  is 
depicted  in  Fig.  1  over  the  entire  range  of  mixture  fraction.  It  shows  the  temperature  T 
and  mass  fractions  of  H2,  H,  CO,  CH4,  O2,  CO2  and  H2O.  Similar  state  relationships 
are  shown  in  Fig.  2  for  x  =  10  At  x  =  1  s“^  (Fig.  1),  the  maximum  flame 
temperature  is  2030  K,  which  is  much  lo'^er  than  the  adiabatic  flame  temperature 
under  fast-chemistry  assumption  (2320  K  (ll)  or  chemical  equilibrium  assumption  (2250 
K  [8]).  This  is  because  the  inner  hot  part  of  the  flamelet  loses  heat  to  the  outer  colder 
part  by  conduction.  The  mass  fractions  of  H2,  CO,  CO2,  ri20  and  H  reach  their 


Figure  2;  Flamelet  properties  state 
relationships  of  the  CH4-air  non- 
premixed  flame  without  radiation  heat 
loss  at  X  =  10  s“^ . 
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maximum  values  in  the  vicinity  of  /  =  f,i  =  0.055,  where  the  reaction  rate  reaches 
its  maximum  value  as  well;  here,  the  mass  fraction  of  CH4  reaches  its  minimum  value. 
The  mass  fractions  of  combustion  products  (except  H)  then  decrease  linearly  to  a  zero 
value  at  /  =  1.0,  while  the  methane  mass  fraction  increases  to  a  unity  value.  However, 
the  mass  fraction  of  H  drops  sharply,  after  /  =  /,t  to  a  zero  value.  It  should  be 
mentioned  herfe  that  the  instantaneous  equivalent  reaction  rate  (lye)  varies  with  /,  in  a 
way  similar  to  the  variations  of  the  atomic  hydrogen  mass  fraction,  i.e..  We  practically 
equals  zero  for  /  >  0.057  and  /  <  0.03.  The  combustion  products,  generated  in  the 
narrow  reaction  zone  (0.03  <  /  <  0.057),  are  transferred  to  the  outer  non-reacting  zone 
of  the  flamelet  by  molecular  diffusion.  It  is  interesting  to  notice  that  while  the  mass 
fraction  of  methane  falls  to  zero  near  /  =  0.055,  the  oxygen  mass  fraction  reaches  a 
non-zero  value  of  about  0.02,  and  continues  to  decrease  linearly  for  larger  values  of  /. 
This  is  probably  the  explanation  for  the  measured  finite  oxygen  mass  fractions,  near 
the  fuel  nozzle  at  the  centerline,  as  reported  in  (9-10). 

The  effect  of  thermal  radiation  on  the  flamelet  properties  is  also  shown  in  Fig,  1 
for  X  =  1-0  s~^  and  Fig.  2  for  %  =  10.0  s"^.  At  low  scalar  dissipation  rate  (x  =  1.0 
s"^),  the  effect  of  thermal  radiation  is  important  on  flame  temperature  but  not  on  mass 
fractions  of  major  species.  In  this  case,  the  radiation  heat  loss  amounts  to  about  10%  of 
the  heat  liberated  by  chemical  reaction  as  shown  in  Fig.  3.  At  high  flamelet  stretclung 
(x  =  10.0  s“'),  the  effect  of  radiation  is  not  as  important  as  the  case  for  x  =  l-O  s“^,  as 
can  be  seen  from  Fig.  2.  In  this  case,  the  radiation  loss  is  only  about  1%.  It  should  be 
noted  here  that  the  temperature  difference  (AT)  between  that  with  radiation  and  that 
without  radiation  cases  is  maximum  around  /  =  0.2  and  not  /  =  f,i.  This  is  because, 
at  /  =  u  the  high  reaction  rate  can  partially  compensate  for  the  radiation  loss,  while 
at  /  =  0.2,  the  reaction  rate  practically  vanishes. 

The  effect  of  flame  stretching  is  depicted  in  Fig.  3,  where  the  maximum  flamelet 
temperature  (with  and  without  radiation)  is  plotted  versus  x~^  •  The  experimental  data 
of  Seshadri  and  Peters  [2]  are  also  included  in  Fig.  3.  The  data  appear  to  agree  well 
with  the  present  predictions.  Figure  3  clearly  shows  the  existence  of  a  critical  value  of 
X  =  X9  which  flame  extinction  occurs.  The  extinction  value  of  the  scalar  dissipation 
rate  Xq  is  about  15  s~^ ,  whether  or  not  radiation  is  considered,  as  can  be  seen  from 
Fig.  3;  for  x>  Xq>  Ih®  reaction  is  completely  frozen  and  T  =  300  K  for  all  values  of  /. 

Figure  4  shows  the  effect  of  thermal  radiation  on  NO  formation  for  a  wide  range 
of  mixture  fraction.  It  is  seen  that  thermal  radiation  is  extremely  important  at  lower 
values  of  scalar  dissipation  rate.  At  x  =  1.667  s~',  for  example,  the  maximum  NO  is 
grossly  overpredicted  by  a  factor  of  5  if  thermal  radiation  is  ignored.  Even  at  x  =  5  s“^ , 
the  deviation  is  still  significant.  As  expected,  the  deviation  diminishes  as  /  ->  0  for 
all  x’s  since  the  temperature  of  flame  is  much  too  low  to  yield  significant  radiation. 
To  show  the  flame  stretch  effect  on  NO  formation,  all  the  peak  NO  formations  with 
and  without  radiation  effects  are  plotted  versus  x~*  In  Fig.  5.  It  is  clearly  shown  that 
radiation  effects  on  NO  formation  indeed  become  increasingly  important  as  the  value  of 
X"^  increases.  Of  course,  at  the  small  x”'  (i-e.,  large  stretching),  the  flame  approaches 
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Figure  5:  Variation  of  the  peak  NO  formation  with  and  without  radiation  versus 

the  extinction  point  where  the  flame  temperature  is  again  too  low  for  NO  formation  to 
be  affected  by  radiation  as  discussed  above. 

Conclusions 

The  present  work  describes  a  numerical  and  physical  model  for  laminar  non-premixed 
methane-air  flames  with  and  without  the  consideration  of  thermal  radiation  effects. 
The  flamelet  flame  structure  has  been  presented.  The  computed  results  clearly  show 
a  critical  value  of  the  scalar  dissipation  rate  Xq  (-  15  s“^)  above  which  chemical  re¬ 
action  is  frozen.  The  effect  of  thermal  radiation  is  high  at  low  values  of  x-  Also, 
thermal  radiation  has  more  effect  on  the  flamelet  temperature  at  mixture  fractions 
much  larger  than  the  stoichiometric  vcdue.  It  is  also  found  that  thermal  radiation  ef¬ 
fects  cire  even  more  profoimd  on  NO  formation  than  other  flamelet  properties,  except 
when  flamelets  are  overly  stretched.  The  obtained  "flamelet  library”  can  be  used  for 
turbulent  non-premixed  flcune  computations  by  the  use  of  a  two-dimensional  probabil¬ 
ity  density  function  (P(/,x))  which  is  a  function  of  /  and  x- 
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ON  AN  ANALYTICAL  SOLUTION  TO  THE  PROBLEM  OF 
NONTHERMAL  FLAME  PROPAGATION 

V.  I.  Chernysh,  N.  M.  Rubtsov,  S.  M.  Temchin 

Institute  of  Structural  Macrokineiics,  Ckernogolovka,  Russia 


The  phenomenon  of  nonthermal  flame  propagation  has  been  predicted  by  Ya.  B. 
Zel’dovich  [1]  and  revealed  in  gas-phase  chain  branching  processes  such  as  CS2  oxida¬ 
tion,  NCI3  decomposition,  etc.  [2,  3].  The  nonthermal  flame  is  an  almost  isothermic 
combustion  wave  ocourring  outside  of  the  domain  of  self-ignition,  due  to  the  reactions 
of  nonlinear  chain  branching  [1-3]. 

The  first  solution  to  the  problem  of  nonthermal  flame  propagation  was  obtained  fjr 
the  case  of  CS2  oxidation  [2],  including  the  dependence  of  nonthermal  flame  velocity 
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6n4he  initial  conditions.  Following  to  the  ideas  of  [1,  4],  it  would  be  interesting  to  de¬ 
termine  the  conditions  favoring  self-ignition  and  nonthermal  flame  propagation,  taking 
into  accoimt  mixture  consumption  and  the  rate  wq  of  spontaneous  chain  origination. 

The  equation  of  diffusion  and  chemical  kinetics  in  the  single-center  approximation 
is 

dn  „d^n 

+  F{n),  (1) 


dt  ^  dx^ 


where  n  is  the  concentration  active  centers,  D  is  the  diffusivity,  and  F{n)  is  the  kinetic 
polynomial, 

F{n)  =  —  -I-  /aono(l  -  n)  -  gn.  (2) 

do 

Here,  ao  is  the  initial  .fuel  concentration,  /  is  the  kinetic  factor  of  nonlinear  chain 
branching,  and  g  is  the  linear  chain  branching  factor.  In  the  simplest  case, 

dn 


dt 


=  F{n). 


(3) 


The  steady  states  (s.s.)  of  Eq.  (3)  are  the  roots  of  the  cubic  equation  F{n)  =  0, 
which  depend  on  the  sign  of  the  discriminant  Doi  hence  multiple  s.s.  (three  real  roots) 
exist  at  Do  <  0,  namely: 

(a)  the  stable  steady  state  with  a  low  concentration  of  the  active  centers,  ni  (the 
initial  mixture); 


(b)  the  stable  one  with  a  high  concentration  of  active  centers,  ns  (the  products  of 
combustion); 


(c)  the  unstable  one,  ns,  corresponding  to  the  autocatalytic  trigger  [5). 


Do  =  0  is  the  condition  at  the  multiple  s.s.  boundary,  hence 

-i-  -1  4.^  +  1  (\  ^  ^ 

fal  “9  fal  9  V  /og/ 


(4) 


Equation  (4)  with  the  minus  sign  determines  the  criterion  for  spontaneous  explosion 
in  a  nonlinear  chain  branching  system  in  the  absence  of  diffusion  flux  (the  case  of  equal 
roots  ni,  ns);  Eq.  (4)  with  the  plus  corresponds  to  flame  suppression  (the  case  of  equal 
roots  ns,  ns). 

The  self-ignition  criterion  given  by  Eq.  (4)  differs  from  the  one  described  in  [2], 


/«o  /«o’ 

by  the  existence  of  certain  constraints  on  the  domain  of  the  kinetic  parameters, 
follows  from  Eq.  (4)  that 


(5) 

It 


,  U/A  1 

®  M  “  2r- 


(6) 
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The  equation  of  diffusion  and  chemical  kinetics  for  nonthermal  flame  propagation  at 
the  velocity  Un  is.  [5] 

The  boimdary  conditions  are:  x  =  -oo,  n  =•  ni;  a:  =  +oo,  n  =  713. 

The  solution  to  Eq.  (7)  is  known  [5]: 

Un  =  Jfalj\ni  +  ns  -  2n2l  =  “  «2l-  (8) 


The  case  of  ns  >  1/3  corresponds  to  a  wave  of  increasing  concentration  of  active  centers, 
n2  <  1/3  corresponds  to  a  wave  of  decreasing  concentration,  and  ns  =  1/3  corresponds 
to  Un  =  0,  i.e. 


fal 


_  2  3wo 

“  9  M 


(9) 


Equation  (9)  at  wq  =  0  coincides  with  the  criterion  for  nonthermal  flame  propagation 
obtained  by  Ya.  B.  Zel’dovich  [1]. 


Figure  1:  The  domain  of  multiple  steady 
states  (OAC):  propagation  (OAB)  and  sup¬ 
pression  of  the  wave  of  active  centers  concen¬ 
tration  (BAG). 


The  domains  of  multiple  s.s. 
corresponding  to  the  propagation 
and  suppression  of  active  cen¬ 
ter  concentration  are  shown  in 
Fig.  1.  Figure  1  shows  that 
the  flame  propagation  domain 
(OAB)  is  contained  within  the 
multiple  s.s.  domain  (OAG)  and 
limited  from  above  by  the  self¬ 
ignition  curve  (OA)  and  from  be¬ 
low  by  I7„  =  0  (AB).  The  veloci¬ 
ties  of  real  nonthermal  flames  at 
the  propagation  limits  are  finite. 
This  discrepancy  is  due  to  the 
use  of  single-center  approxima¬ 
tion,  as  explained  theoretically  in 
[6,  4)  for  nonthermal  flame  prop¬ 
agation  in  GS2  oxidation.  The  fi¬ 
nite  values  of  Un  have  been 


obtained  for  g/  fal  =  0.0461  and  wq  =  0.  This  implies  that  the  real  curve  of  the  flame 
propagation  (I7„  =  0)  is  of  finite  width,  in  contrast  to  the  predicted  one  (AB).  There¬ 
fore,  an  area  bounded  by  curves  OA  and  AE  can  exist,  wherein  flame  propagation  is 
impossible  but  self-ignition  occurs,  in  accordance  with  (7). 

The  work  has  been  supported  by  the  Russian  Foundation  for  Fundamental  Research. 
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Abstract 

Based  on  the  two-temperature  and  single- velocity  theory  of  multiphase  media,  a  new 
model  is  developed  for  the  description  of  solid  propellant  combustion.  For  steady-state 
processes,  th.e  governing  equations  are  simplified  and  reduced  to  a  boundary  problem 
for  ordinary  differential  equations.  Combustion  of  magnesium-tetrafluoroethylene  pro¬ 
pellants  is  2inalyzed  numerically.  The  influence  of  the  thermophysical  and  structural 
parameters  of  the  propellant  on  the  formation  of  the  combustion  and  evaporation  fronts 
is  studied. 
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Introduction 

In  the  past  two  decades  the  problem  of  solid  propellant  combustion  has  been  the 
focus  of  numerous  studies,  see  [1].  This  can  be  explained  by  the  rapid  development 
of  the  rocket  engines  as  well  as  by  the  growing  tendency  to  replace  liquid  by  solid  jet 
propulsion.  This  tendency  is 'limited  for  several  reasons.  One  of  them  is  the  absence  of 
simplified  models  which  can  be  employed  in  engineering  calculations.  This  is  especially 
important  for  optirnd  design  of  engines,  where  only  simple  and  “fast”  models  are  used 
at  the  stage  of  preliminary  investigation. 

The  goal  of  this  paper  is  to  derive  a  new  mathematical  model  for  solid  propellant 
combustion,  which  allows  to  predict  some  new  physical  effects  and  to  investigate  the 
material  parameters  responsible  for  the  thrust  and  to  give  some  recommendations  for 
their  experimental  study. 

The  Physics  of  Combustion 

The  combustion  process  consists  of  two  main  stages.  First,  the  solid  fuel  is  converted 
into  the  gas  phase  (vaporization),  and,  second,  the  gas  burns  in  the  flame  (combusticr ). 
The  vaporization  process,  in  its  turn,  consists  of  two  stages,  which  are  treated  here  as 
an  integral  sublimation  process. 

We  will  study  fuels  with  a  non-negative  oxygen  balance,  when  the  propellant  con¬ 
tains  an  amount  of  oxygen  sufficient  for  its  stoichiometric  combustion. 

We  restrict  ourselves  to  the  model  of  combustion  which  assumes  that  there  exist 
two  spatially  separated  zones  of  evaporation  and  burning.  Experimental  data  show 
that  for  two-zone  combustion,  the  characteristic  length  of  the  evaporation  zone  sub¬ 
stantially  exceeds  the  characteristic  length  of  the  combustion  zone,  see  [2].  We  will 
neglect  the  length  of  the  burning  region  and  treat  it  as  a  geometrical  surface,  where 
the  thermodynamical  parameters  of  the  gas  flow  undergo  finite  jumps. 

A  fuel  tank  is  modeled  as  an  infinite  tube  of  constant  cross-sectional  area  filled  with 
a  granular  medium  having  the  initial  porosity  cq.  The  fuel  particles  are  considered  as 
rigid  spheres  with  the  initial  radius  uq.  Before  burning,  the  propellant  is  contained  in  a 
closed  fuel  tank  at  the  temperature  0o,  which  is  lower  than  the  evaporation  temperature 
&c,  under  the  pressure  po.  At  the  initial  moment  t  =  0,  the  propellant  is  ignited  at  the 
point  X  =  0,  At  the  moment  t  >  0,  the  fuel  tank  volume  consists  of  three  main 
zones.  The  first  one  is  the  cold  zone,  where  the  vaporization  process  is  negligible,  the 
temperature  of  the  solid  particles  coincides  with  the  gas  temperature  and  is  less  than 
de-  The  material  porosity  equals  the  initial  porosity  eo- 

The  second  one  is  the  evaporation  zone,  where  the  gas  temperature  differs  from 
the  temperature  of  the  solid  propellant.  Due  to  this  difference,  the  solid  particles 
give  off  the  gas.  Since  the  gas  density  p  is  essentially  lower  than  the  density  of  the 
solid  particles  p,,  an  additional  pressure  arises  which  causes  the  gas  to  move  to  the 
combustion  surface.  We  restrict  ourselves  to  the  analysis  of  complete  combustion.  This 
means  that 
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Figure  1:  The  basic  structure  of  combustion. 


(i)  all  particles  of  the  solid  propellant  have  evaporated; 

(ii)  all  the  gas  produced  in  the  evaporation  zone  burns  in  the  flame. 

These  assumptions  imply  that  the  material  porosity  decreases  in  the  evaporation  zone 
from  €o  at  the  interface  with  the  cold  zone  to  zero  at  the  combustion  surface,  and  the 
gas  temperature  0  increases  from  the  evaporation  temperature  9c,  to  the  combustion 
temperature  6c.  The  gas  from  the  evaporation  zone  enters  the  hot  zone  through  the 
combustion  surface.  At  tliis  surface,  the  gas  burns  and  releases  additional  heat.  A  part 
of  this  heat  warms  the  gas,  and  the  other  part  returns  into  the  evaporation  zone  and 
supports  the  evaporation  process.  We  suppose  that  the  velocity  of  the  gas  flow  behind 
the  combustion  surface  U^o  coincides  with  the  relative  velocity  of  the  exhaust  gas.  The 
thrust  pressure  T  (the  thrust  force  per  unit  area  of  the  cross-section)  can  be  calculated 
according  to  the  Meschersky  formula 

T  =  TUco  (1) 

where  F  is  the  burning  rate  (the  mass  of  the  gas  burned  per  imit  area  of  the  combustion 
surface  at  the  imit  time). 

Mathematical  Model  of  Combustion 

We  consider  the  combustion  process  at  three  levels.  At  the  microlevel,  the  gas 
evaporation  on  the  surface  of  a  single  solid  particle  is  analyzed.  We  assume  that  the 
gas  flow  is  homogeneous,  and  the  evaporation  process  depends  only  on  the  difference 
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of  temperatures  between  the  gas  and  solid  particles.  As  a  result,  we  derive  the  formula 

e.t  =  /3o(l-#e-.^t  ^2) 

PsV 

Here  0  is  the' gas  temperature  m  the  neighborhood  of  the  solid  particle,  6e  is 
the  eyaporatioh  temperature  which  is-  assuiried'  to  be  a  prescribed  function  of  the 
gas  pressure  p,  ff  is  the  laterit  heat  of  evaporatibny  /3ds  the  heat  transfer  coefficient, 

fio  =  3/3  ^""^^^-,  and  the  subscript  sdler.  the  comma  denotes  the  differentiation  with 
respect  to  the  respective  vwiable.  Eq.  (2)  determines  the  material  porosity  e  at  point  x 
as  a  function  of  time  and  can  be  treated  as  a  constitutive  equation  of  a  solid  propellant. 

At  the  macrolevel,  a  one- dimensional  gas  flow  is  studied  through  a  porous  medium 
with  the  porosity  c  varying  in  time.  The  mechanical  behavior  of  the  gas  obeys  the 
constitutive  equation 

p  =  pEe  ■  (3) 

where  p  is  mass  density  of  the  gas  and  R  is  the  universal  gas  constant. 

The  constitutive  equations  of  heat  and  mass  transfer  have  been  derived  for  a  porous 
medium  with  phase  transitions,  including: 

•  the  continuity  equation 

(pe0"^),t  +  =  lSQRr]-  l{l  -  e)5(0  -  $t) 

•  the  momentum  equation 

P<U,t  +  UU,^){RQr^  =  -(pe).,  -  U[puK-h  -  «)"(©  " 

•  the  heat  beilance  equation 

CpP«(0.t  +  H0,*)  -  e(p.t  +  Hp,*)](E0)~^  = 

0(k€0-10..)  -  /3o(l  +  0^r')(i  - 


(4) 

(5) 

(6) 


Here  U  is  the  gas  velocity  along  the  x  axis,  K  is  the  permeability  of  the  porous 
medium  de*-  “nding  on  the  porosity  coefficient  <  =  e/(l  -  e), is  the  kinematic  viscosity, 
Cp  is  the  specific  heat  at  constant  pressure,  k  =  pCpS  is  the  heat  conductivity,  and  S  is 
the  thermal  diffusivity  of  the  gas. 

Eqs.  (4)  and  (5)  are  known,  and  Eq.  (6)  is  new.  In  orde.r  to  obtain  these,  we 
have  used  an  approach  similar  to  the  approach  used  by  Meschersky  in  the  dyn.amics 
of  material  point  of  varying  mass,  the  dependence  of  the  material  porosity  on  the  gas 
temperature  developing  at  the  microlevel,  and  the  Darcy  law  describing  the  interaction 
between  the  gas  and  the  solid  matrix. 
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The  noiiiine^-partial  differential  equations  (2)-(6)  are  too  complicated  for  analyt- 
icahsolution.  Since  our  purpose  is  to  obtain  explicit  solutions  for  optimal  design  of 
jet, 'propulsion*,  ,we  restrict  our  consideration  to  the  steady-state  combustion  regimes. 
We  seeh'Sbiutions  of  the  governing  equations  in  the  form  of  travelling  waves,  when  the 
functions  e,  p,.  U  arid  0  depaad  only  oh  the.argument  f  =  t  -  x/V. 

The  existence  of  steady-state  combustion  regimes  iinposes  some  limitations  on  the 
boundary  conditions.  At  the  interface  between  the  evaporation  zone  and  the  cold  zone, 
we  have  five  boundary  cohditibns.  Two  conditions  determine  the  initial  porosity  of  the 
propellant  and  the  evaporation  temperature.  The  other  three  describe  the  conservation 
laws  for  mass,  momentum  and  ehergy.  At  the  burning  surface,  we  have  six  boundary 
conditions.  Two  of  them  deternaine  the  completeness  of  the  combustion  process,  the 
third  condition  determines  the  flame  temperature,  and  the  other  three  describe  the 
conservation  laws.  The  latter  equalities  determine  the  gas  flow  after  burning.  The 
former  three  boundary  conditions,  together  with  the  five  conditions  at  the  interface  of 
contact  with  the  cold  zone,  form  an  overdetermined  boimdary  problem  for  a  system 
of  ordinary  differential  equations  containing  five  unknown  functions  and  two  unknown 
parameters  (the  length  of  the  evaporation  zone  I  and  its  velocity  relative  to  the  fuel 
tank  F).  An  additional  boundary  condition  determines  the  initial  porosity  of  a  solid 
propellant  which  ensures  the  steady-state  combustion  regime.  We  solve  this  boundary 
problem  numerically. 

Numerical  Analysis 

The  numerical  analysis  of  steady-state  combustion  is  carried  out  for  p,  =  1.5  ■  10® 
kg/m®,  c.  =  1.1  kJ/(kg-K),  k,  =  0.3  J/(m-s-K),  r?  =  44.0  kJ/kg,  Cp  =  1.0  kJ/(kg-K), 
5  =  1.8-10“®  mVs,  7  =  1.4,  Too  =  1-4,  W  =  16.8  MJ/kg,  9,  =  400  K,  9^  =  3000  K,  p*  = 
1.2  kg/m®,  0*  =  400  K,  /*  =  0.01  m,  F*  =  409.88  m/s.  We  neglect  the  characteristic 
heating  time  of  solid  particles  and  put  Nu  =  2.  The  evaporation  temperature  0*,  the 
combustion  temperature  9c  and  the  burning  rate  F  are  assmned  to  be  constant.  All 
calculations  are  carried  out  for  Re  —  1. 

The  numerical  analysis  carried  out  for  Re  =  0.1  and  Re  =  1000.0  shows  that  the 
gas  flow  does  not  virtually  depend  on  this  parameter. 

A  deteuled  description  of  the  numerical  analysis  is  presented  in  (3).  Here  we  formu¬ 
late  only  some  results  obtained. 

The  propellant  porosity  e  increases  monotonically  with  the  growth  of  and  tends 
unity  at  the  burning  surface.  The  gas  pressure  p,  on  the  contrary,  decreases  but  does 
not  change  significantly. 

The  growth  of  the  initial  radius  of  the  propellant  pelleao  leads  to  the  decrease  of 
the  speed  of  the  evaporation  zone  F,  the  gas  velocity  Uco,  the  burning  rate  F  and  the 
thrust  pressure  and  to  the  increase  of  the  evaporation  zone  length  1.  The  interval 
0.007  nun  <  ao  <  0.03  mm  corresponds  to  the  entire  range  of  variation  of  the  initial 
radius  of  solid  particles. 

The  evaporation  zone  speed  F  and  its  length  I  increase  monotonicaly  with  the 
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Figure  2:  Thrust  force  IF  vs  initial  ra¬ 
dius  of  fuel  particles  oq. 


Figure  3:  Thrust  force  T  vs  initial 
porosity  of  propellant  eo- 


growth  of  the  initial  porosity,  but  the  gas  velocity  C/oo.  the  burning  rate  F  and  the 
pressure  IF  demonstrate  non-monotonic  behavior.  They  increase  for  small  and  decrease 
for  large  initial  porosities.  This  means  that  there  exists  the  optimal  initial  porosity 

w  0.35  which  maximizes  the  thrust  pressure. 

The  numerical  analysis  of  the  effect  of  the  burning  temperature  9^*  and  the  initial 
pressure  po*  shows  that  the  growth  of  the  combustion  temperature  leads  to  the  increase 
of  the  thrust  force,  and  growth  of  the  initial  pressure  leads  to  its  decrease. 

Conclusion 

A  new  model  has  been  derived  for  solid  propellant  combustion.  Governing  equations 
derived  have  been  simplified  for  the  case  of  steady-state  combustion  and  reduced  to  the 
overdetermined  boundary  problem  for  ordinary  differential  equations.  The  combustion 
of  magnesium  based  propellants  has  been  studied  numerically.  The  results  obtained 
are  sufficiently  close  to  experimental  data. 

It  has  been  shown  that  the  growth  of  the  initial  radius  of  propellant  pellets  leads 
to  the  decrease  of  the  thrust  pressure.  The  dependence  of  the  thrust  force  on  the 
initial  porosity  has  nonmonotonic  character.  There  exists  the  optimal  initial  porosity 
maximizing  the  thrust  pressure.  The  growth  of  the  initial  pressure  in  the  fuel  tank 
causes  the  decrease,  and  the  growth  of  the  combustion  temperature  causes  the  increase 
of  the  thrust  force. 
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PREIGNITION  PROCESSES  IN  LASER  IGNITION  OF 

PYROTECHNICS 
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Introduction 

Recent  investigations  motivated  by  application  of  laser  in  pulse-transfer  systems 
have  shown  a  growing  interest  in  creation  of  ignition  chains  by  means  of  far  infrared 
(FIR)  lasers,  primarily  due  to  the  appearance  of  useful  FIR  fiber  optics.  Prospects  of 
using  pyrotechnics  in  such  systems  are  related  to  improvement  of  safety  and  thermal 
stability.  However,  one  of  the  problems  yet  to  be  solved  is  the  development  of  an 
adequate  mathematical  model  of  interaction  of  laser  pulses  with  condensed  systems. 
Pyrotechnic  charges  have  been  widely  used  in  space  technology,  but  the  data  on  their 
laser  ignition  mechanism  are  still  insufficient.  An  appropriate  analysis  must  include 
numerous  factors,  the  most  important  of  which  pertain  to  the  optical  properties  of 
mixture  components.  The  important  role  of  optical  characteristics  of  substances  in 
their  ignition  mechanisms  (as  well  as  in  modeling  the  process)  has  been  demonstrated 
in  [1).  The  works  conducted  at  the  Institute  of  Technology  have  shown  that  the  nature  of 
changes  in  the  absorption  capacities  of  materials  can  be  studied  on  irradiated  samples. 

Experimental  Apparatus  and  Methods 

A  continuous  CO2  laser  with  a  mechanical  chopper  was  used  in  the  experiments. 
The  flux  density  range  was  20-55  W/cm^,  and  the  beam  diameter  was  8  mm.  Irradia¬ 
tion  times  amounted  to  30-50%  of  the  ignition  times  and  were  recorded  by  photocells. 
The  following  pressed  pure  pyroteclmic  compounds  were  studied:  KCIO3-B  (85/15), 
KCIO4-B  (78/22),  BaCr04-B  (95/5),  Pb304-Si  (55/45),  KClOg-Si  (83/17),  KjCrjOr- 
W  (65/35).  A  method  involving  the  analysis  of  IR  spectra  and  DSC  curves  (in  Ar) 
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was.empioyed.  The  measuremerits  iwere  made  by*  means  , of  Fourier  spectrometry  and 
differentiallscanmng  .calbruhetfy  (DSG-7?). 

Experimental  ftesults 

The  values  of  absorption  coefficients  at  A  =  10.6  fim  of  pressed  initial  (iiTA)  and 
irradiated  samples  (K'X),  as  well  as  their  densities  (p)  are  shown  in  Table  1. 


Table  1. 


Mixture 

p,  kg/m=* 

KX,  m-' 

K'X,  m-^ 

Pb304-Si 

.  3150 

0.18 

0.16 

KCIO4-B 

2080 

0.35 

1.01 

kClOa-B 

2080 

6,12 

10.01 

KC103-Si 

1850 

6.29 

8.32 

BaCr04-B 

3550 

8.71 

17.17 

Table  2. 


Compound 

E,  J 

0 

0 

-AH,J/g 

Ea,  kJ/mol 

bEo 

n 

KCIO4-B 

— 

464-594 

2840.5 

501.2 

68.8 

1.5 

22.6 

403-589 

3472.5 

198.6 

23.5 

0.6 

KCIO3-B 

— 

360-569 

1862.7 

136.5 

16.0 

1.0 

7.2 

435-539 

1470.0 

250.0 

34.6 

1.2 

KC103-Si 

— 

357-478 

947.6 

277.0 

43.4 

1.1 

33.0 

388-451 

708.0 

368.0 

59.3 

1.2 

Pb304-Si 

— 

431-500 

58.8 

711.9 

118.4 

1.6 

11.5 

444-488 

62.9 

707.1 

111.6 

1.4 

KzCrzOr-W 

— 

396-423 

237.4 

861.2 

150.6 

2.1 

2.2 

395-408 

159.6 

605.8 

105.3 

1.2 

An  analysis  of  IR  spectra  has  shown  that  the  difference  in  the  absorption  coeffi¬ 
cients  of  the  initial  mixtures  depends  on  the  absorption  properties  of  the  oxidizers.  For 
example,  the  oscillation  frequency  of  radicals  in  KCIO3  coincides  with  the  CO2  laser  fre¬ 
quency  [2,  3].  It  has  been  found  that  intense  photochemical  decay  of  oxidizer  molecules 
can  occur  under  the  IR  irradiation.  This  process  is  characterized  by  absorption  of 
laser  radiation  by  Cl(Cr)-0  bonds,  with  an  increased  oxygen  output  and  a  significant 
decrease  in  laser  ignition  temperature  and  delay  time  for  pyrotechnic  compoimds. 

Significant  changes  in  the  characteristics  of  condensed-phase  reactions  in  the  irra¬ 
diated  samples  were  also  recorded  using  the  DSC  method.  Comparative  characteristics 
of  the  initial  and  irradiated  samples  are  shown  in  Table  2,  where  Ea  is  the  activation 
energy,  AH  is  the  heat  release  of  the  reaction,  AT  is  the  temperature  range  of  the 
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ignition  ^reaction*,  In  iTois  the  logarithm  of  the  chemical  reaction  rate  constant,  n  is  the 
reaction' order,  and  E  is'the.ab'sdfbed-laser  energy. 

Thejresults  obtained  were  analyzed  simult^eoiisly  with  the  data  oh  laser  ignition 
of  the ‘mixtures  studied'  We'have  found  a  direct  correlation  between  their  sensitivity 
to  aiaser  pulse,  the  optical-properties  of  components^ahd;  the;  character  of  the  changes 
ih;the  characteristics  of  solid^phase  reactions  in  irradiated  samples.  These  correlations, 
combined  with  experimental  studies,  can  be  successfully  used  to  predict  laser  ignition 
mechanism  of  thermally  stable  heterogeneous  systems. 
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THE  EFFECT  OF  GRAVITY  ON  THE  DISTRIBUTION  OF 
PRODUCTS  AND  INTERMEDIATE  SPECIES  IN  THE 
LOW-TEMPERATURE  ZONE  OF  METHANE  BUNSEN  FLAMES 

I.  V.  D’yakov,  A.  A.  Konnov,  L.  I.  Kopylova,  G.  I.  Ksandopulo 

Institute  for  Problems  in  Combustion,  Almaty,  Kazakstan 

The  objective  of  this  study  was  to  investigate  the  structure  of  laminar  bunsen 
methane-air  flames  at  atmospheric  pressure  to  provide  an  rmderstanding  of  important 
differences  between  flat  and  conical  flames.  Experimental  profiles  of  the  distribution  of 
stable  species  in  slightly  rich  methane-oxygen-argon  flames  have  been  measured  by  the 
laser-induced  fluorescence  method  for  various  orientations  of  the  methane-air  flcimes  in 
the  gravity  field.  These  data  were  compared  with  the  predictions  of  a  one-dimensioncil 
model  of  flame  structure. 

Laminar  CH4-02-Ar  flames  with  equivalence  ratios  1.12  and  1.3  were  stabiUzed 
over  a  8-mm  bunsen  burner.  Samples  from  the  flame  were  taken  by  non-cooled  conical 
quartz  probes.  Species  concentration  profiles  were  obtained  along  the  horizontal  axis 
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by  moying<;the  vertical  bunsen  burner,  relative.to-the  fixed  probe.  The  orifice  diameters 
were  60-80  /iiii  and  the  cone  angle  was  d5-20’:degrees.  An  analysis  was  carried  out  by 
rneans-of  modified  .MKhrl304rmass  spectrometer  in  the  flow  regime;  The  profiles  of 
GH4j.  ©2)  H^O-,  G.02,'  go,  H2i  GH20,  62112,  and  G2H4,  were  detected.  The  sampling 
location  was  determined'by  KM-8  cathetometer  with  .the  error  within  of  10  /im.  These 
coordinates  were  recalculated  to  the  distances  along,  the- ^normal  to  the  flame  front 
surface.  Temperature  profiles  were  obtained  using  silica-coated  Pt/Pt  (10%  Rd)  H- 
shaped  thermocouples  with  30-/im  wires. 

Hydroxyl  profiles  were  measured  in  the  10-mm  burner  using  laser-induced  fluores¬ 
cence  (LIF).  The  light  source  was  a  frequency-doubled  computer- controlled  custom- 
built  tunable  dye  laser  which  was  pumped  by  a  frequency- doubled  Nd:YAG  laser.  The 
output  parameters  of  the  probe  laser  were  as  follows:  the  spectral  timing  covered  the 
range  from  295  to  330  nm,  the  bandwidth  was  0.01  nm,  the  pulse  energy  was  0.03  mJ, 
the  pulse  duration  was  10  ns,  and  the  pulse  frequency  was  12.5  Hz.  The  laser  light  was 
focused  by  a  lens  which  made  a  100-mm  diameter  spot  in  the  burner  flame.  The  OH 
fluorescence  was  collected  at  a  right  angle  to  the  exciting  beam  by  a  quartz  lens  and 
focused  onto  the  slit  of  a  monochromator  equipped  with  a  photomultiplier.  The  data 
were  stored  in  a  PG/XT  computer  after  each  laser  shot. 

The  one- dimensional  premixed  flames  were  modeled  using  the  codes  (GHEMKIN, 
PREMIX)  developed  at  Sandia  National  Laboratories  by  Kee  and  co-workers.  The 
G1-G2  reaction  mechanism  used  in  the  present  work  has  been  published  previously  [1] 
and  updated  on  the  basis  of  recent  recommendations  of  European  Evaluation  Group 
(2).  This  mechanism  was  successively  validated  against  experimental  results  for  oxi¬ 
dation,  ignition  and  flame  structure  of  hydrogen,  carbon  monoxide,  formaldehyde  and 
methanol.  A  largely  good  agreement  was  found  between  experimental  data  and  simu¬ 
lation  results. 

The  data  of  Bechtel  et  al.  (3)  for  atmospheric  pressure  methane-air  flame  structure 
were  used  as  the  basis  for  the  validation  of  the  kinetic  meclianism.  The  structure 
of  freely  propagating  (adiabatic)  lean,  stoichiometi,».  and  rich  flames  was  modelled. 
The  temperature  and  species  concentration  profiles  calculated  are  in  a  good  agreement 
experimental  profiles  as  concerns  the  shape  and  absolute  values.  It  should  be  noted 
that  these  data  were  obtained  using  non-intrusive  laser  Raman  scattering  and  LIF  i.’ 
horizontally  stabilized  flames'. 

We  modeled  the  structure  of  GH4-02-Ar  freely  propagating  adiabatic  flames  and 
obtciined  a  general  disagreement  with  the  data  obtained  for  bunsen  flames  using  mass- 
spectrometry.  First  of  all,  the  experimental  temperature  profiles  are  smoother  than  the 
calculated  ones.  Evidently,  this  difference  is  caused  by  the  nonuniformity  of  the  flow 
in  tubes  and  the  flame  front  curvature  in  conical  flames.  The  scaling  of  the  coordinate 
in  the  one- dimensional  model  with  the  distance  along  the  normal  to  the  flame  front  is 
probably  nonlinear.  Also,  the  radial  expansion  of  the  hot  gases  reduces  the  velocity 
perpendicular  to  the  flame  front,  increasing  the  diffusion  back  into  the  cool  preflame 
zone. 
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3?he  calcidatiohs  using- the  experimehtal'^temperatiire  profile  .(as  for  the  case  of 
burner-stabilized  hphadiahatic  flame)  are  iminuch  better  agreement  with- the  concen¬ 
tration  profiles  for  major  species.  Yet  some  distinctions  between  experimental  results 
and  model  predictions  are  observed.  Tlie  experimental  species  profiles  are  shifted  up¬ 
stream  from  the  calculated  profiles  by  about  200  /im.  The  gradients  of  the  profiles 
measured  are  lower  and  the  bell-shaped  profiles  of  the  interniediatesi  such  as  CH2O, 
C2H2  and  C2H4,  are  wider  than  the  predicted  ones.  The  nature  of  the  distribution 
of  the  experimental  profiles^  observed  is  twofold.  It  was  shown  in  [4]  and-  confirmed  in 
subsequent  studies  that  the  sampling  zone  is  wider  than  the  calculated  profile  by  two 
diameters  of  the  probe  orifice.  In  our  case,  the  probe  is  120-160  pm  in  diameter  which 
is  comparable  with  the  flame  front  thickness. 

The  secondary  flow  instability  of  bunsen  flame  cones  [5]  also  causes  some  spatial 
oscillations  of  the  flame  front.  The  influence  of  this  instability  on  the  concentration  pro¬ 
files  observed  was  investigated  by  non- intrusive  linear  LIF  method.  It  was  found  that, 
in  a  vertical  bunsen  burner,  the  profile  of  the  OH  radical  concentration  in  the  preflame 
cool  zone  has  a  flat  portion.  Similar  flat  portions  were  observed  for  bunsen  flames  with 
various  front  curvatures  and  this  rules  out  the  possibility  of  receiving  the  signal  from 
the  neighboring  flame  zone.  The  OH  rotational  temperatures  in  the  preflame  zone  were 
also  measured.  These  temperatures  agree  with  thermocouple  measurements  within  the 
limits  of  estimated  error.  Similar  results  were  obtained  for  bunsen  propane-air  flames. 
Chemical  reactions  in  the  preflame  zone  cannot  account  for  the  observed  effects  due  to 
the  substantial  difference  between  the  kinetics  of  methane  and  propane. 

A  number  of  measurements  of  the  OH  radical  profiles  in  horizontal  flames  were 
carried  out  in  order  to  examine  the  potential  hydrodynamic  features  of  bunsen  flames 
and  the  influence  of  gravity  on  the  flame  structure.  In  addition,  the  flame  was  located  in 
a  co-current  flow  of  nitrogen  to  investigate  the  effect  of  surrounding  air.  The  profile  of 
the  OH  radical  concentration  in  the  preflame  zone  virtually  did  not  change  in  this  case. 
On  the  other  hand,  if  a  methane  or  propane  flame  had  a  horizontal  luminous  front,  the 
profile  of  the  OH  concentration  had  a  purely  diffusional  character,  in  agreement  with 
the  literature  data  [3]  and  calculations. 

These  structural  differences  between  conical  flames  of  other  shapes  and  numerical 
calculation  lead  us  to  a  conclusion  about  the  effect  of  the  stabilization  mode  on  the  flame 
hydrodynamics.  In  particular,  in  [3]  a  methane  flame  front  was  positioned  horizontally 
in  the  gravity  field.  An  analysis  of  two-dimensional  Navie-Stokes  equations  showed 
that  for  a  vertical  or  inclined  flame  in  the  gravity  field  a  horizontal  pressure  gradient 
causing  an  added  convection  arises  in  the  region  of  significant  mixture  density  gradient. 
This  pressure  gradient,  combined  with  the  buoyancy  of  the  hot  layers,  can  give  rise  to 
an  oscillatory  mode  of  flow  instability  [5]  and,  therefore,  some  mixing  in  the  cold  region 
near  the  flame  front. 

Thus,  the  simultaneous  analysis  of  the  data  obtained  by  mass-spectrometry,  LIF, 
and  numerical  modeling  revealed  significant  differences  between  flat  and  conical  flames. 
It  has  been  shown  to  what  extent  the  experimental  species  concentration  profiles  can 
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be  compared  with  the  calculated  oiies.  The  effect  of  gravity  on  the  intermediate  species 
distributiohriii'ithe  low-temperature  zone  has  been  denibhstrated  and  discussed. 
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ON  SOLID  FUEL  IGNITION  AND  FLAME  SPREAD 
A,  Carlos  Fernandez-Pello 

Department  of  Mechanical  Engineering,  University  of  California  at  Berkeley,  Berkeley,  CA 

94720,  USA 

The  gas  phase  ignition  of  a  solid  and  the  subsequent  spread  of  flames  over  its  sur¬ 
face,  are  important  processes  in  the  combustion  of  solid  fuels.  In  addition  to  the  need 
of  understcinding  theses  processes  fundamentally,  there  is  a  need  for  the  development 
of  predictive  formulas  for  the  ignition  delay  and  flame  spread  rate  that  can  used  in 
practical  applications,  such  as  models  of  fire  development  and  hybrid  rocket  fuel  com¬ 
bustion.  Those  are  the  objectives  of  this  work.  Based  on  the  available  information  on 
these  processes,  it  is  proposed  to  analyze  the  flame  spread  as  a  solid  ignition  problem 
where  the  flame  acts  both  as  the  source  of  solid  heating  and  gasification,  and  of  ignition 
of  the  gas  phase  reaction  (pilot).  The  flame  spread  rate  is  then  given  by  the  ratio  of  a 
solid  heating  length  to  the  ignition  time.  An  analysis  of  solid  fuel  ignition  is  developed 
that  provides  explicit  expressions  for  the  ignition  delay,  which  is  then  used  to  obtain  an 
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Figure  1:  Variation  of  the  ignition  dday  with  the  stagnation  point  flow  stretch  rate; 
comparison  between  experiments  and  theory. 

explicit  expression  for  the  flame  spread  rate.  This  expression  predicts  well  the  available 
experimental  flame  spread  rate  data,  including  the  fast  and  slow  chemistry  regimes, 
and  the  blow-off  and  surface  heat  losses  extinction  (no  spread)  limits. 

Ignition 

The  gas  phase  ignition  of  a  solid  fuel  is  generedly  the  combined  result  of  an  exter¬ 
nally  applied  heat  flux  that  causes  the  gasification  of  the  solid,  and  the  presence  of 
thermochemiced  conditions  that  will  lead  to  the  onset  of  a  sustained  combustion  re¬ 
action  between  the  vaporized  fuel  and  the  oxidizer  gas.  Considerable  work  has  been 
conducted  on  the  ignition  of  solid  fuels  by  Vilyunov  and  Zarko  [Ij.  Particularly  relevant 
for  the  present  work  is  the  experimental  studies  of  Kashiwagi  et  al.  [2],  and  Niioka  et 
al.  [3]  of  the  spontaneous  ignition  of  several  polymers  in  a  high  temperature  oxidizing 
gas  flow.  The  former  experiments  were  conducted  in  a  flat  plate  flow  and  the  latter  in 
a  stagnation  point  flow.  The  results  from  Niioka  et  al.  [3]  for  the  ignition  delay  are 
shown  in  Fig.  1.  They  suggest  that  two  primary,  competing  mechanisms  control  the 
solid  ignition  process.  One  is  the  heating  and  gasification  of  the  solid,  and  the  other  is 
the  onset  of  the  gas  phase  chemical  reaction.  The  former  one  gives  way  to  the  definition 
of  a  “solid  pyrolysis”  time  that  decreases  as  the  heat  flux  (stretch  rate)  is  increased, 
and  that  is  represented  in  the  results  of  Fig.  1  by  the  descending  breinch  in  the  igni¬ 
tion  curves.  The  later  one  gives  way  to  the  definition  of  a  gas  phase  “induction”  time 
that  increases  as  the  stretch  rate  increases  (convective  cooling),  and  that  is  represented 
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by  the  ascending, brjinch  ih  the  , ignition  curves.  Explicit  formulas  for  both  times  can 
be  developed  from  analyses  of  the  solid  heating  problem  and  the  gas  phase  ignition 
problem  (ijiioka  [4],  August  and  Fernandez-Pello  [5]).  The. results  from  such  analysis 
is  ,presehted“for  comparison  purposes.  ih  Fig.  1. 

Flame  Spread 

For  a  flame  to  spread  over  the  surface  of  a  combustible  material,  enough  heat  must 
be  transferred  from  the  flame  to  the.  unburnt  material  ahead  of  the  flame  to  pyrolyze 
it.  The  vaporized  fuel  is  then  diffused  and  convected  away  from  the  surface,  ihixing 
with  the  oxidizer  and  generating  a  flanunable  mixture  ahead  of  the  flame  leading  edge, 
which  is  then  ignited  by  the  flame.  The  rate  of  flame  spread  is  therefore  determined  by 
the  ability  of  the  flame  to  transfer  the  necessary  heat  to  pyrolyze  the  solid  and  to  ignite 
the  combustible  mixture  ahead  of  it.  Considerable  work  has  also  been  conducted  on 
the  spread  of  flames  over  a  solid  combustible  surface  (Fernandez-Pello  and  Hirano  [6], 
Wichman  [7]).  Particularly  relevant  to  the  present  work  are  the  results  of  the  experi¬ 
mental  measurements  of  Fernandez-Pello  et  al.  [8],  of  the  rate  of  flame  spread  over  the 
surface  of  thick  PMMA  sheets  as  a  function  of  the  velocity  and  oxygen  concentration  of 
a  gas  flowing  parallel  to  the  solid  surface  in  the  opposite  direction  of  flame  propagation. 
The  results  show  that  for  high  oxygen  concentrations,  as  the  flow  velocity  is  increased 
the  spread  rate  first  increases,  reaches  a  maximum,  and  then  starts  to  decrease.  For 
low  oxygen  concentrations,  the  spread  rate  decreases  as  the  gas  velocity  is  increased 
imtil  the  flame  can  no  longer  propagate  against  the  opposed  gas  flow. 

Through  phenomenological  arguments,  the  above  authors  postulated  that  the  flame 
spread  rate  was  controlled  by  the  interaction  between  processes  dominated  by  heat 
transfer  from  the  flame  to  the  solid  and  by  gas  phase  chemical  kinetics,  and  proposed 
correlating  the  flame  spread  rate  data  in  terms  of  two  non-dimensional  parameters. 
One,  a  non-dimensional  flame  spread  rate  derived  from  a  heat  transfer  flame  spread 
analysis,  and  the  other  the  Damkohler  numbers. 

The  Relationship  between  Ignition  and  Flame  Spread 

An  interesting  aspect  of  the  above  studies  is  the  similarity  between  the  mechanisms 
controlling  the  ignition  of  the  solid  and  the  spread  of  the  flames  over  its  surface.  In  fact, 
by  simply  comparing  the  ignition  data,  and  the  flame  spread  data,  it  can  be  inferred 
that  there  is  an  inverse  relationship  between  the  ignition  delay  and  the  flame  spread 
rate.  This  observation  leads  to  the  concept  that  the  spread  of  the  flame  can  be  viewed 
as  a  solid  ignition  process  where  the  flame  acts  both  as  a  source  of  solid  heating  and  a 
pilot  for  gas  phase  induction.  Furthermore,  it  is  possible  to  develop  a  simplified  model 
of  flame  spread  that  is  based  on  the  analyses  developed  for  the  solid  ignition. 

To  develop  the  analysis,  it  is  convenient  to  describe  the  sequence  of  events  that 
lead  to  the  spread  of  the  flame  over  the  solid  surface  as  those  that  a  solid  element, 
initially  at  the  forward  edge  of  the  solid  region  heated  by  the  flame,  would  undergo  to 
its  ignition.  Since  the  time  for  the  solid  element  to  ignite  is  the  same  as  for  the  flame 


124 


Figure  2;  Correlation  of  opposed  flow  flame  spread  rate  experimental  data  with  theory. 

to  propagate  to  the  solid  element  location,  the  flame  spread  rate  would  be  given  by  the 
ratio  of  the  length  of  the  solid  heated  region  n  ahead  of  the  pyrolysis  front  to  the  solid 
ignition  time.  Thus,  for  a  specific  flame  spread  problem,  the  analysis  would  consist  of 
two  sub-analyses:  one  that  would  give  the  solid  ignition  time,  and  another  that  would 
give  the  length  of  the  solid  region  ahead  of  the  flame  (or  pyrolysis)  front.  The  flame 
spread  rale  would  then  be  given  by  the  ratio  of  the  latter  to  the  former  values. 

Such  an  analysis  has  been  developed  for  the  case  of  flame  spread  in  an  opposed 
forced  flov/,  and  used  to  correlate  the  data  from  Fernandez-Pello  et  al.  (8).  The  results 
of  the  correlation  are  presented  in  Fig.  2.  It  is  seen  that  the  correlation  of  the  results 
is  quite  good  except  at  low  oxygen  concentrations,  where  chemical  kinetic  effects  are 
important  and  the  ignition  model  falters  somewhat  due  to  the  used  simplified  chemistry. 
Similar  types  of  analyses  can  also  be  developed  to  predict  flame  spread  under  other  flow 
conditions,  i.e.,  downward  and  spread  in  natural  convection,  forward  forced  flow,  etc. 
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THE  CORRELATION  BETWEEN  IONS  DISTRIBUTION  AND 

TEMPERATURE  FIELD  IN  A  FLAME  ! 

B.  S.  Fialkov,  I.  A.  Larionova,  A.  B.  Fialkov  | 

Chemical-Mitallurgical  Institute,  Karaganda,  Kazakstan  i 

The  principal  trends  in  the  formation  of  ionic  composition  of  saturated  and  aromatic 
.  hydrocarbons,  alcohols  and  ketones  in  low-pressure  flames  imder  different  combustion 

conditions  and  their  correlations  with  the  temperature  field  were  analyzed.  Temper- 
atiure  was  measured  with  chromel-alumel  thermocouples  with  jxmction  diameter  0.8 
mm.  To  reduce  the  influence  of  systematic  errors  and  for  the  sake  of  convenience,  the 
values  of  temperature  and  ionic  current  were  normalized  by  their  maximum  values,  and 
the  coordinate  of  the  measurement  location,  y,  was  normalized  by  the  coordinate  of 
the  internal  boimdary  of  chemiluminescence  zone  for  each  flame. 

Four  zones  with  different  patterns  of  ion  formation  can  be  distinguished  in  flames: 

(1)  the  preparation  zone, 

(2)  the  zone  adjusted  to  the  internal  boundary  of  the  front, 

,  (3)  the  front,  or  chemiliuninescence,  zone,  and 

‘  (4)  the  zone  downstream  of  the  front. 
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Figure  1.  Temperature  distribution  in  flames  of  ethanol  (a),  toluene  (b),  acetone  (c), 
propane-butane  (d). 

The  division  of  the  front  into  structural  sones  is  in  agreement  with  the  temperature 
distribution. 

The  differences  in  relative  temperature  distribution  decrease  toward  the  front  (y  .■> 
0.75).  The  latter  value  is  consistent  with  the  identity  of  ionic  compositions  in  the  front 
and  downstream  of  it.  In  the  preparation  zone  upstream  of  the  first  ions,  the  temper¬ 
ature  distributions  for  different  substcinces  are  described  by  exponentials  parametrized 
mtiinly  by  thermophysical  characteristics  of  the  mixture.  A  more  detailed  analysis 
shows  that  the  temperature  distribution  in  the  preparation  zone  can  be  described  by 
functions  of  the  form 

T,*/ =  C'exp(6y,ej)  (1) 

differing  for  particular  intervals. 

If  the  temperature  curve  is  presented  in  semilogarithmic  coordinate  plane  (see 
Fig.  1),  two  junction  points  between  the  straight  lines  corresponding  to  different  zones 
of  flame  are  clearly  seen.  The  values  of  y^ej  at  which  the  slope  is  changing,  as  well  as 
coefficient  of  Eq.  (1),  are  close  for  flames  of  different  fuels.  The  last  portions  of  the 
temperature  curve  are  similar  for  all  fuels  (see  Fig.  1).  The  coordinate  of  the  last  inflec¬ 
tion  point  is  close  to  the  coordinate  of  the  zone  where  polycyclic  aromatic  hydrocarbon 
(PAH)  ions  begin  to  form. 

If  the  origin  of  coordinates  is  set  at  the  maximum  temperature  points,  all  above- 
mentioned  trends  in  the  curve  shape  are  preserved,  but  the  number  of  the  points  of 
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slope  discontinuity  increases.  In  this  case,  the  equation  has  the  general  form 


T^-Tq 

Tmax 


Tmax  ~  Tq  .  . 

— - - exp[6(a  - 

■^max 


(21 


where  To  is  the  mixture  temperature  at  the  beginning  of  the  preparation  ;2one. 

In  this  representation,  the  curves  for  toluene  and  acetone  coincide.  The  values 
of  temperatures  as  presented  in  semi-logarithmic  coordinates,  at  which  the  slopes  of 
straight  lines  change,  become  closer  and  for  different  substances,  in  terms  of  (Tj  - 
To)ITmax  are  as  follows:  0.26-0.3,  0.6,  0.8,  and  0.95.  The  respective  normalized  coor¬ 
dinates  of  these  points  are  0.4-0.59,  0.65-0.76,  0.77-0.83,  and  0.9  (the  origin  of  coordi¬ 
nates  is  at  the  outlet  plane  of  the  burner).  If  the  current  temperature  (of  the  difference 
between  the  current  value  and  the  inlet  temperature)  is  normalized  not  by  its  maxi¬ 
mum  value,  but  by  the  temperature  of  the  points  of  slope  discontinuity,  the  graphs  for 
different  substances  coincide,  which  indicates  the  similarity  of  heat  exchange  processes 
in  the  corresponding  zones. 

In  all  representations  of  temperature  distribution  in  the  preparation  zone,  its  shape 
is  similar  to  the  Mikhelson  profile,  which  suggests  that  the  exponent  is  the  function  of 
average  heat  content. 

The  changes  in  temperature  curves  can  be  due  to  physicochemical  processes  at  the 
corresponding  locations  in  the  preparation  zone,  accompanied  by  either  heat  release  or 
heat  absorption. 

The  correlation  between  the  coordinates  of  singular  points  of  temperature  distri¬ 
butions  in  the  preparation  zones  of  flames  of  different  substances  premixed  with  air 
indicates  that  ionization  and  thermophysical  phenomena  are  in  agreement.  The  be¬ 
ginning  of  intense  heat-release  is  observed  at  the  values  of  the  normalized  coordinate 
where  the  first  ions  are  detected. 

In  the  colder  region  of  the  preparation  zone  the  value  of  the  coefficient  in  the 
exponential  of  Eq.  (1)  coincides  with  that  obtained  by  dividing  the  mixture  velocity 
by  the  value  of  its  thermal  diffusivity,  i.e.  Mikhelson  type  of  the  profile  in  the  preheat 
zone  is  valid  only  at  the  beginning  of  the  preparation  zone. 

Thus,  the  agreement  of  the  thermophysical  and  ionization  phenomena  in  the  zones 
ahead  of  the  front  has  been  established.  It  has  been  shown  that,  in  describing  the 
temperature  distribution  in  these  zones,  physicochemical  processes  occurring  therein 
should  be  taken  into  consideration  apart  from  thermal  conductivity. 
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COMBUSTION  OF  3-NITRO-l,2,4-TRIAZOL-5-ONE  AND  ITS 

SALTS 

A.  E.  Fogelzang,  V.  P.  Sinditskii,  V.  Y.  Egorshev,  V.  V.  Serushkin, 

V.  I.  Kolesov 

Department  of  Chemical  Engineering,  Mendeleev  University  of  Chemical  Technology, 
Miusskaya  Sq.  9,  Moscow,  125820  Russia 


Recently,  3-Nitro-l,2,4-triazol-5-one  (NTO)  was  extensively  investigated  as  one 
of  the  low-sensitivity  explosives  [1-3].  The  salts  of  NTO  are  of  interest  as  potentially 
promising  ingredients  for  gun-propellant  formulations  [3-5].  Thus,  it  is  important  to 
investigate  the  combustion  behavior  of  NTO  and  its  salts. 

NTO  was  obtained  by  the  method  described  in  [2]:  the  salts  of  NTO  were  prepared 
by  mixing  an  aqueous  solution  of  NTO  with  a  proper  base,  except  for  the  Pb  salt,  which 
was  prepared  by  the  exchange  reaction  between  the  Na  salt  of  NTO  obtained  in  situ  and 
Pb(N03)2  in  an  aqueous-alcohol  solution.  B*lame  temperatures  were  calculated  using 
ASTRA  thermodynamic  code  [6].  Steady-state  combustion  of  NTO  and  its  salts  in  the 
form  of  strands  pressed  into  acrylic  tubes  was  studied  in  a  windowed  constant-pressure 
bomb  over  the  pressure  range  of  0.1-36  MPa.  The  temperature  profiles  of  NTO  were 
measured  using  7  /im  thick  H-shaped  tungsten-rhenium  thermocouples  [7]. 

At  0.1  MPa,  NTO  can  sustain  combustion  only  when  external  heating  is  provided 
by  an  electrically  heated  nichrome  wire.  Decomposition  reactions  with  gaseous  prod¬ 
ucts  occurred, but  no  gas-phase  flame  was  obsei  ved.  The  yellow-brown  residue  formed 
contained  -NHCO-  fragments  in  the  compound,  as  shown  by  IR-spectroscopy. 

The  temperature  profiles  of  NTO  obtained  at  0.5  MPa  clearly  indicate  the  presence 
of  a  thick  molten  reaction  layer  followed  by  a  gas-phase  reaction  zone  (Fig.  1).  Redox 
reftctions  involving  nitro  group  conversion  appear  to  proceed  only  in  the  condensed 
phase,  resulting  in  a  temperature  increase  up  to  1030  K.  Keeping  in  mind  the  theoretical 
decomposition  paths  for  the  triazole  ring,  we  expected  that  the  N2O  molecule  can  be 
one  of  the  possible  products  of  NO2  reduction.  An  analysis  of  the  gaseous  combustion 
products  at  0. 1-0.5  MPa  has  indeed  revealed  the  presence  of  NO,  N2O,  CO,  and  CO2. 
The  maximum  combustion  temperatures  measured  at  0.5  and  2  MPa  were  by  about 
700  and  300  K  lower  than  the  predicted  values.  The  incomplete  oxidation  process 
during  NTO  combustion  at  low  pressures  appears  to  be  responsible  for  the  temperature 
discrepancy  observed. 

The  heat  released  in  the  condensed  phase  at  0  5  MPa  was  calculated  to  be  190  cal/g, 
whereas  the  heat  transferred  back  from  the  gas  is  five  times  lower.  This  suggests  that 
combustion  of  NTO  is  essentially  determined  by  the  heat  released  in  the  condensed 
phase.  ' 
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The  burning  rates  measured  for  NTO  and  its  salts  are  shown  in  Fig.  2  and  Table  1. 
Compciring  the  combustion  characteristics  of  NTO  monopropellant  with  those  of  picric 
acid  (PicH)  [8]  and  methyleneamine-5-nitrotetrazole  (MNTz),  which  exhibit  similar 
combustion  temperatures  (2200  and  2368  K,  respectively),  one  can  note  that,  at  10 
MPa,  NTO  burns  at  nearly  the  same  rate  as  PicH  (5.5  mm/s)  and  six  times  slower 
than  MNTz.  Here,  the  triazole  ring,  unlike  the  tetrazole  derivatives  [9],  has  a  little 
effect  on  the  value  of  the  burning  rate. 

As  shown  in  Fig.  2,  all  salts  of  NTO  burn  faster  than  NTO  itself  over  the  entire 
pressure  range  tested.  This  effect  is  expressed  in  terms  of  the  burning  rate  ratio,  Z, 
of  salts  to  NTO  at  a  fixed  pressure.  A  comparison  between  the  burning  rates  of  NTO 
salts  and  picric  acid  salts  shows  that  the  values  of  Z  for  N2H5  and  K  salts  are  close.  For 
Pb-Pic,  the  increase  in  the  burning  rate  due  to  the  catalytic  effect  of  Pb  is  substantially 
higher  than  for  Pb-NTO  (42  and  9,  respectively).  This  phenomenon  is  described  to 
the  abundant  soot  formation  during  Pb-Pic  combustion  that,  in  its  turn,  is  known  to 
strongly  promote  the  catalytic  activity  of  lead. 

Table  1. 


Substance 

Enthalpy  of 

formation, 

kcal/mole 

Flame 

temperature, 

K 

Strand 

density, 

g/cm® 

Burning  rate 
{P  ~  10  MPa), 
mm/s 

NTO 

-25.8 

2388 

1.87 

7 

N2H5-NTO 

-38 

1200 

1.40 

17 

K-NTO 

-69 

1965 

1.60 

26 

Pb-NTO 

-78 

2040 

2.34 

63 
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THE  GENERAL  ANALYSIS  OF  THE  ZONE  STRUCTURE  OF  A 

GASLESS  COMBUSTION  WAVE  ! 

B.  M.  Khusid,  O.  S.  Rabinovich 

Luikov  Heat  and  Mass  Transfer  InstUuie,  Minsk  220072,  Republic  of  Belarus 

i 

The  first  adequate  analyticcd  insight  into  the  structure  of  a  combustion  wave  was 
presented  in  one  of  the  early  works  by  Zel’dovich  [ij  for  a  premixed  gas  flame  with  a 
high  activation  energy.  It  has  been  shown  that  the  combustion  front  consists  of  a  wide 
preheat  zone  and  a  narrow  reaction  zone. 

A  number  of  unusual  phenomena  have  been  observed  in  combustion  of  condensed  _ 

heterogeneous  systems.  Complicated  physico  chemical  processes  (the  growth  of  a  prod-  ■ 

uct  layer,  diffusion  of  reactants,  melting,  multi-step  reactions,  gas  transport  phenom¬ 
ena,  etc.)  lead  to  the  formation  of  a  multi-zone  structure.  Both  the  experimental 
observations  [2]  and  the  mathematical  modeling  [3,  4]  have  revealed  the  occurrence  of 
a  wide  “post-reaction”  (“after-burn”)  zone  due  to  the  strong  self-inhibition  of  the  re¬ 
action  by  the  product  formation.  Combustion  waves  with  two  peaks  of  the  heat  release 
have  been  described,  for  example,  in  [5,  6). 

The  present  work  is  aimed  at  the  general  mathematical  analysis  of  the  relationship 
between  the  structure  of  the  steady-state  gasless  combustion  wave,  described  by  a  gross 
reaction,  and  the  properties  of  the  local  heat  source  function  of  this  reaction. 

Governing  Equations.  The  general  case,  in  terms  of  the  kinetic  model  and 
temperature-dependent  thermophysical  properties  of  both  reactants  and  products,  is 

i 
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considered. 

equations: 


In  nondimensioncil  variables,  the  problem  is  governed  by  the  following 


dr} 


=  e^(7/,0),  $(J?,0)  = 


%.®) 


Jr(.7,,0)/(7j,0)’ 


(1) 


with  the  boundary  conditions  0  0i»  0  |»}-*r->  0ei  where  0  is  the  temperature,  rj 

is  the  conversion  depth,  h  is  the  enthalpy,  K  is  the rtherihal; conductivity,  /  is  the  kinetic 
function,  e  is  .the  square  of  the  dimensionless  waye  velocity.  The  kinetic  function  must 
satisfy  the  conditions  /(t,  0)  =  0  and  f{r)  ^  1^0)  >  0,  and  the  “cut-off’  constraint, 
/(?;,  0)  =  0,  in  the  vicinity  of  the  initial  state. 

The  Classification  of  Zories  in  the  steady-state  combustion  wave  can  be  based 
on  the  parameter  tF,  where  r  is  the  characteristic  time  scale  of  thermal  phenomena, 
r  ~  a/U^  (a  is  the  thermal  diffusivity  and  U  is  the  wave  velocity),  and  F{r},Q)  is 
the  dimensional  reaction  rate.  In  the  fast-reaction  zone  (FRZ),  tF  >  1;  the  heat 
released  by  the  chemical  reaction  cannot  heat  the  substance  for  the  lack  of  time  and  is 
removed  to  another  zone,  so  that  dQjdr}  <^\.  In  the  slow  reaction  zone  (SRZ), 
tF  <  1;  the  heating  proceeds  in  a  quasi- adiabatic  regime  {dQ/dr}  ~  1, 77  rj  0).  In  the 
transition  zone  (TZ)  tF  ~  1;  the  heat  release  is  negligible  as  compared  to  the  heat 
flux  across  this  zone,  hence  dQ/dr)  >  1. 

The  Critical  Curve.  Prom  this  classification,  it  follows  that  a  change  in  the 
structure  of  a  combustion  wave  can  be  directly  related  to  the  variation  in  the  number 
of  the  extrema  of  the  phase  trajectory  slope  for  the  solution  of  the  boundary  problem 
(Eqs.  1).  A  simple  consideration  shows  that  this  number  changes  upon  crossing  the 
curve  in  the  phase  plane  for  which  <i?j0/dtj^  =  0  and  d^Qldr}^  =  0.  This  curve,  called 
the  critical  curve  (CC),  is  determined  by  the  properties  of  the  local  heat  source 
function  $(77,0),  because,  by  invoking  Eqs.  1,  the  relations  determining  the  CC  can 
be  rewritten  in  the  parametric  form 


=  +  +  =  y>0,  (2) 

where  the  parameter  y  denotes  the  derivative  dQfdt}  at  the  points  of  the  CC  corre¬ 
sponding  to  the  trajectories  that  exhibit  an  extremum  of  the  slope.  The  fulfillment  of 
these  conditions  eilso  depends  on  the  global  behavior  of  trajectories. 

The  Algorithm  for  the  Investigation  of  the  Phase  Plane  of  Eqs.  (1)  is  based 
on  the  analysis  of  the  singular  points  of  the  CC  and  the  global  properties  of  the  phase 
trajectories  crossing  the  CC.  This  algorithm  makes  it  possible  to  identify  the  domains 
in  the  phase  plane  that  contain  the  starting  points  for  the  boundary  problem  solutions 
with  different  types  of  zones.  Hence,  the  structure  of  a  combustion  wave  can  be  altered 
by  varying  the  initial  temperature  and  conversion  depth.  The  algorithm  can  also  be 
used  to  solve  the  inverse  problem  in  order  to  evaluate  the  parameters  of  a  kinetic  model 
for  a  known  combustion  wave  structure. 

Examples.  To  illustrate  the  analytical  results,  two  kinetic  models  have  been  ex¬ 
amined:  a  power  law  (<^1(77))  and  an  exponential  law  (i^2(??))  were  chosen  for  the  de¬ 
pendence  of  the  reaction  rate  on  the  conversion  depth.  The  Arrhenius  law  was  used  to 
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Figure  1:  (a)  Parameter  plane  ((  =  0.4)  for  the  power-law  kinetic  model:  7  = 
EATal{RT^),  Ta  =  To  +  ATo,  C  =  ^TajTa  =  0.8;  E  is  the  activation  energy;  To 
is  the  initial  temperature;  ATa  is  the  adiabatic  heating.  The  TZ-PRZ-SRZ  sequence 
is  possible  in  the  hatched  domain,  (b)  Phase  plane  for  the  power-law  kinetic  model. 
The  TZ-FRZ-SRZ  sequence  occurs  in  the  hatched  domain;  7  =  5,  n  =  5,  C  =  0.4. 


describe  the  temperature  dependence  of  the  reaction  rate.  The  results  of  application 
of  the  above  analysis  to  these  cases  are  illustrated  by  Figs.  1  and  2.  The  division  of 
the  parameter  plane  in  domeiins  pertaining  to  different  structures  of  the  combustion 
wave  is  illustrated  by  Figs,  la  and  2a.  Figures  lb  and  2b  illustrate  the  construction 
of  the  domain  in  the  phase  plane  containing  the  starting  points  for  the  regimes  where 
the  TZ  (i.e.,  preheat  zone)  is  followed  by  the  FRZ  and  then  the  SRZ.  The  solutions  to 
the  problem  with  the  starting  points  lying  on  the  right  of  the  constructed  domain  (at 
higher  0)  correspond  to  the  combustion  regimes  in  which  the  SRZ  begins  just  at  the 
starting  point. 

The  results  obtained  admit  a  clear  geometric  interpretation.  For  a  chemical 
reaction  with  a  weak  dependence  of  the  kinetic  model  on  the  conversion  depth,  a 
trajectory  goes  down  along  the  §{??,  0)  surface  from  the  starting  to  the  end  point.  In 
the  combustion  wave  propagating  in  a  system  with  a  strong  dependence  of  the  reaction 
rate  on  the  conversion  depth,  the  descent  of  a  trajectory  along  the  $(77, 0)  surface  in 
both  the  FRZ  and  the  TZ  changes  to  an  ascent  in  the  SRZ. 

The  Asymptotic  Analysis  of  the  problem  is  based  on  the  method  of  singular 
perturbation.  Asymptotic  solutions  have  been  derived  for  the  different  zones  of  the 
combustion  wave.  These  zones  were  characterized  by  the  following  relative  length 
scales:  0(e)  for  the  SRZ,  0(l/e)  for  the  FRZ,  and  0(1)  for  the  TZ.  A  special  second- 
order  asymptotic  analysis  was  performed  in  the  heighborhood  of  the  saddle  point  on 
the  §(77, 0)  surface.  Matching  conditions  for  the  asymptotic  expansions  in  the  different 
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Figure  2:  (a)  Parameter  plane  ((  =  0.8)  for  the  exponential-law  kinetic  model,  (b) 
Phase  plane  for  the  exponential-law  kinetic  model:  7  =  10,  m  =  7.5,  C  =  0.8;  notation 
as  in  Fig.  1. 


reaction  zones  and  near  the  saddle  point  were  investigated. 
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THE  WAVE  THEORY  OF  IGNITION 
B.  S.  Seplyarskii 

Institute  of  Structural  Macrokinetics,  Chempgolovka,  I424SS  Russia 


The  paper  by  Zerdovich  [1]  has  laid  the  grounds  for  tlie  modern  theory  of  condensed 
material  igiution.  Zel’dovich  has  evaluated  the  limiting  value  of  the  temperature  gra¬ 
dient  and  shown  thai  under  the  critical  conditions  the  entire  heat  flux  to  the  cold  zone 
is  due  to  the  chemical-reaction,  i.e;,  the  heat  flux^at  the  boundary  is  zero. 

The  numerical  solution  to  the  problem  of  condensed  material  ignition  by  a  hot 
surface  has  shown  that  the  temperature  runaway  always  occurs  at  some  distance  from 
the  surface,  if  the  heated  layer  of  the  material  is  sufficiently  deep.  This  implies  that 
the  heating  of  the  material  at  the  last  stage  of  ignition  is  due  to  the  chemical  reaction. 
However,  the  approximate  methods  of  calculation  of  the  ignition  delay  time  are  based 
on  the  assumption  that  the  stage  of  inert  heating  takes  most  of  the  ignition  delay  time, 
which  conflicts  the  numerical  results. 

The  first  ignition  theory  for  condensed  materials  dealing  with  the  transition  from 
heating  by  an  external  source  to  that  by  a  chemical  reaction  was  developed  earlier  [2]. 
It  has  been  titled  the  wave  theory,  because  it  provided  expressions  for  the  durations 
of  the  main  stages  of  the  ignition  process.  Tin,  tqi  and  Tig,  in  terms  of  the  parameters 
of  the  intermediate  combustion  wave,  q^t,  a>,e,  and  Here,  t,„,  tq,  and  r,g  are  the 
times  of  inert  heating,  the  onset  of  zero  gradient  at  the  material-heater  boundary,  and 
thermal  explosion,  respectively;  q,i,  u,t,  and  are  the  heat  flux  from  the  heat  release 
zone,  the  velocity,  and  the  width  of  the  reaction  zone,  respectively.  The  intermediate 
combustion  wave  (ICW)  is  steady,  with  the  maximum  temperature  in  the  heat  release 
zone  equal  to  the  ignition  temperature,  Tir 

The  physical  principle  of  this  theory  is  as  follows.  The  entire  ignition  process  is 
divided  in  three  stages:  inert  heating,  thermal  wave  propagation  into  the  material,  and 
thermal  explosion.  At  the  first  stage,  a  heated  layer  of  the  material  is  formed  due  to  the 
energy  flux  from  the  external  soiuce.  Equating  the  heat  flux  characteristic  of  the  inert 
heating,  q  =  to  that  from  the  heat  release  zone  of  the  ICW,  g,t)  we  obtain  the 

following  formula  for  the  duration  of  the  first  stage: 


Tin  - 


iL 


(1) 


At  T  >  Tin,  the  heated  layer  moves  into  the  material.  It  is  assuined  that  the  heat 
wave  velocity  is  close  to  The  increase  in  the  heat  release  by  chemical  reaction 
without  a  noticeable  increase  in  the  maximum  temperature  is  considered  as  the  sign 
of  formation  of  the  chemical  reaction  zone  with  a  different  quasi-steady  temperature 
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distribution  and  .zone  width  scaling  linearly  with  timei  =  w,i{T  -  r,n).  When  the 
width  of  the  reaction  zone -is  equal  to  that  of  the  reaction,  zone  of  the  IGW,  =  ^st, 
the  heating,  of  the  material  is  entirely  due  to  the*  chemical  reaction  and  the  temperatmre 
gradient  at  the  surface  vanishes.  The  time  of  the  onset^f  zero  gradient  is  given  by 


^st 

To  -  Tin  - . 


(2) 


The  subsequent  widening  of  the  zone  of  chemicaLheat  release  at  the  velocity  u>,t 
leads  to  the  breakdown  of  the  equilibrium  between  the  chemical  heat  release  and  the 
heat  transfer  to  the  cold  layers  of  the  material.  This  results  in  a  maximum  in  the 
temperature  profile  at  the  point  of  the  lowest  rate  of  heat  removal  from  the  reaction 
zone,  i.e.,  close  to  the  surface  where  the  temperature  gradient  is  zero.  The  temperature 
peak  moves  into  the  material  at  the  same  velocity,  w,t,  increasing  in  amplitude.  When 
it  has  moved  over  the  length  (tt,  the  heat  fluxes  to  the  heater  and  to  the  cold  material 
become  equal,  and  a  drastic  increase  in  temperature,  i.e.,  a  thermal  explosion,  occurs 
at  the  point  of  maximum  temperature.  Therefore,  ^expl  ~ 


r.-,  =  ro  +  ^.  (3) 

Let  us  apply  the  suggested  method  to  the  evaluation  of  the  ignition  characteristics 
of  the  material  where  a  zeroth-order  reaction  occurs. 

The  considered  model  of  the  process  is  standard  for  the  thermal  theory  of  ignition. 
At  the  boundary  of  a  semi-infinite  condensed  material  capable  of  exothermic  conver¬ 
sion,  at  t  =  0  the  temperature  instantaneously  reaches  the  value  {Tig  >  To)  and  is 
constant  afterwards  during  the  entire  process.  It  is  assumed  that  only  condensed  prod¬ 
ucts  are  formed  in  the  reaction,  and  the  reaction  rate  is  zero  at  the  initial  temperature. 
To.  The  ignition  temperature  is  much  lower  than  the  adiabatic  flame  temperature.  We 
start  the  evaluation  of  the  ignition  characteristics  by  calculating  the  ICW  parameters. 
In  accordance  with  the  classification  of  combustion  waves,  the  ICW  is  a  combustion 
wave  of  the  second  type.  The  dependence  of  the  combustion  rate  on  the  initial  param¬ 
eters  and  on  the  conversion  depth  for  various  kinetic  functions  has  been  determined  by 
Merzhanov  [3].  For  a  zeroth-order  reaction,  we  have  : 


qst  =  V2,  =  \/2,  =  V2. 

Substituting  Eq.  (4)  in  Eqs.  (l)-(3),  we  obtain 

02 

Tin  ~  >  ^0  ~  Tin  4'  ^0)  Tig  —  Tq  0Q. 


(4) 


(5) 


Comparison  of  the  estimated  tq  and  Tig  with  the  numerical  results  [4]  shows  that 
the  discrepancy  does  not  exceed  10%. 
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The  advantages  of-.the  wave  theory  of  ignition  are  most  conspicuous  in  the  analysis 
of  the  condensed  ihateficd  ignition  in  the  presence  of  heat  loss  from  the  side  surface  [5]. 
The  wave  theory  makes  4t  possible  not  only  to  calculate  the  temporal  characteristics 
of  the  ignition  process  biit  also^to  find  the  dependence  of  the  critical  value  of  the  heat 
loss  coefficient  on  the  basic  parameter^ of  the  problem: 

ZcT  =  (1  -  7^oKt,  =  \/2^o,  (6) 

where  7  is  the  small  parameter  of  combustion  theory. 

Within  the  framework  of  the  wave  theory,  we  can  readily  explain  the  nature  of 
different  regimes  obtained  by  varying  the  heat  loss  coefficient  z.  At  2  <  Zcn  the 
burnout  time  at  the  surface  is  =  7“^,  exceeding  the  formation  time  of  the  reaction 
zone  capable  of  self-propagation  in  the  combustion  regime,  For  this  reason,  the 
heating  leads  to  ignition.  At  z  >  U  <  7(),  the  material  at  the  surface  burns  out 
before  the  reaction  zone  of  width  is  formed.  A  further  widening  of  the  reaction  zone 
becomes  impossible,  since  the  chemical  heat  release  does  not  provide  the  heat  flux  into 
the  cold  layers  that  is  required  to  support  the  ICW.  The  chemical  heat  release  reaches 
its  maximum  at  r  =  •q,  and  then  decreases.  After  the  material  in  the  surface  layer  of  the 
sample  has  biuned  out,  the  temperature  distribution  and  the  heat  flux  on  the  surface 
tend  to  their  steady  values  that  are  determined  by  the  solution  of  the  inert  problem. 
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THE  INFLUENCE  OF  A  SUPERHEATED  WATER  AEROSOL  ON 
A  PREMIXED  METHANE-AIR  FLAME 

Yu.  Ni  Shebeko,  A.  Ya.  Korolchenko,  A.  V.  Trunev, 

V.  Yu.  Navzenya,  S.  N.  Papkov,  A.  A.  Zaitsev 

All-Russia.  Scieniific  Research  Insiiiuie  for  Fire  Proieciion 
Balashiha-6,  Moscow  Region,  l.fS900  Russia 


The  fine  water  aerosol  formed  by  rapid  evaporation  of  superheated  water  is  widely 
used  as  an  effective  means  of  extinguishing  of  diffusive  flames  [1).  It  is  interesting  to 
investigate  the  applicability  of  such  aerosol  for  inertization  of  premixed  combustible 
gas  and  oxidizer.  This  work  is  aimed  at  experimental  elucidation  of  the  influence  of 
superheated  water  aerosol  on  combustion  of  methane-air  mixtures  in  a  closed  vessel. 


Figure  1:  Methane  flanunability  limits  Figure  2:  Methane  flammability  limits 
in  air  {ccUi)  versus  superheated  water  in  air  {ccii^)  versus  water  vapor  mass 

aerosol  (I)  (this  work]  and  water  vapor  concentration  - [3];  *  this 

(2)  [3]  mass  concentration  c^jO-  work. 


Experiments  were  conducted  in  a  spherical  reaction  vessel  20  dm®  in  volmne,  made 
of  stainless  steel.  Combustible  gaseous  mixtures  were  prepared  in  the  evacuated  reac¬ 
tion  vessel.  Superheated  water  was  introduced  into  the  reaction  vessel  from  a  closed 
heated  vessel.  Superheated  water  temperature  was  150  °C  in  all  experiments.  The 
heated  vessel  for  superheated  water  prepeiration  was  positioned  immediately  above  the 
reaction  vessel  and  separated  from  it  by  a  valve.  A  fused  nichrome  wire  was  used  as 
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the  ignition  source.  The  ignition  energy  was  about  10  J.  C.  mbustion  of  the  premixed 
gas  was  monitored  by  a  pressure  transducer  with  a  time  constant  ~  3  •  10“^  s.  The 
temperature  of  the  cdmbustibie  fhixture  in  the  reaction  vessel  before  and  after  the  in¬ 
troduction  of  superheated  water  was  measured  by  a  thermocouple. 

The  experimental  procedure  was  as  fol¬ 
lows.  A  known  amount  of  liquid  was  intro¬ 
duced  into  the  vessel  used  for  superheated 
water  preparation,  and  then  the  vessel  was 
sealed  and  heated  to  a  required  temperature, 
The  combustible  mixture  was  prepared  in  the 
reaction  vessel.  Then  the  heated  vessel  was 
connected  with  the  reaction  vessel  for  a  short 
time  (not  longer  than  Is)  and  an  aerosol- 
vapor-gas  mixture  was  formed  in  the  latter. 
The  temperature  of  this  mixture  was  about 
60-80  °C.  After  some  time  (usually  5  s),  the 
ignition  source  was  activated.  The  pressure 
in  the  reaction  vessel  was  recorded  through¬ 
out  the  experiment  (from  the  starting  mo¬ 
ment  of  water  introduction  to  the  pressure 
decrease  due  to  the  cooling  of  combustion 
products).  The  amount  of  superheated  liq¬ 
uid  introduced  into  the  reaction  vessel  was 
determined  as  the  difference  between  the  ini¬ 
tial  water  mass  and  the  liquid  mass  remain¬ 
ing  in  this  vessel  after  its  cooling  to  the  room 
temperature. 

In  the  experiments,  flammability  limits  (FL)  and  the  laminar  burning  velocity  Su 
were  determined.  The  value  of  each  flammability  limit  was  defined  as  the  mean  value 
of  two  concentrations,  one  of  which  corresponded  to  three  ignitions  obtained,  the  other 
corresponding  to  three  non-ignitions.  The  values  of  were  found  by  the  procedure 
described  in  [2]. 

The  dependence  of  the  FL  for  methane  in  air  on  superheated  water  aerosol  mass 
concentration  is  presented  in  Fig.  1.  In  this  figure,  the  inertization  curve  for  methane- 
air  mixture  with  water  vapor  is  shown  for  comparison  [3j.  We  can  see  that  the  value 
of  inertizing  concentration  (the  extremum  point  of  the  curve)  for  superheated  water 
aerosol  substantially  exceeds  the  value  for  water  vapor.  This  effect  is  probably  due  to 
the  formation  of  relatively  large  water  droplets  in  the  reaction  vessel  volume,  with  mean 
droplet  size  within  10-50  /tm  [1].  These  droplets  do  not  evaporate  to  a  sufficiently  high 
extent  in  the  narrow  flame  front,  hence  their  influence  on  combustion  characteristics 
is  rather  low.  It  can  be  conjectured  that  the  efficiency  of  inertization  by  superheated 


Figure  3:  Dependence  of  laminar 
burning  velocity  Su  of  methane- 
air  mixture  on  superheated  wa¬ 
ter  aerosol  mass  concentration 
cjcfjO-  Methane  concentrations: 
6(o),  7(i),  9.5(-}-),  11(a),  13(1) 
%(vol.). 
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velocities.  In  the  seminal  papers  on  gene  propagation  (by  Kolmogorov  et  al.  [1])  and 
on  premixed  gas  combustion  (by  Zel’dovich  [2])  exact  and  approximate  methods  of 
determination  of  the  wave  velocity  were  proposed  for  reaction  rate  functions  of  diverse 
forms.  Among  later  publications,  the  papers  by  Novozhilov  [3],  on  condensed  phase 
combustion,  and  Aldushin  et  al.  [4,  5],  on  combustion  of  condensed  mixtures  with 
strong  inhibition  of  the  reaction  by  its  products,  should  be  mentioned. 

It  should  be  stressed  that  the  conventioned  approximate  methods  developed  for 
combustion  waves  invoke  either  the  concept  of  “narrow  reaction  zone”  [2,  3]  or  an 
analogy  with  the  theory  of  thermal  explosion  (4,  5],  and  necessarily  involve  asymptotic 
solution  in  terms  of  a  small  parameter,  constructed  ad  hoc  for  a  particular  form  of  source 
function.  In  the  case  of  a  nonlocal  function  of  heat  release  W{T,ti),  these  methods  fail 
to  provide  a  satisfactory  accuracy. 

In  this  paper,  a  new  general-purpose  method  is  proposed  for  accmate  evaluation  of 
the  propagation  velocity  and  other  characteristics  of  a  combustion  wave  applicable  to 
various  forms  of  the  source  function  W. 


2  Problem  Statement  and  Approximate  Method 

Dimensionless  equation  is  considered  in  the  phase  plane  (^,p),  where  z  is  the  tem¬ 
perature,  p  is  the  conductive  heat  flux,  and  U  is  the  combustion  wave  velocity: 


p(o)  =  p(i)  =  o, 


(1) 


W{z,v)^Giv)-F{z),  F{z)  =  exp 


z-1 
s  +  /3z 


Q 

c 

T-To 

Ta-To’ 

B  ’ 

_ /3 

i 

I 

Equation  (1)  describes: 

(i)  condensed  combustion  (in  this  case,  the  conversion  depth  is  rj  =  z  -  p{z)ju)  for 

various  forms  of  kinetic  function  G{‘q),  e.g.  for  the  standard  model 

Giv)  =  {1  -  V)\  (2) 

or  for  the  model  of  strong  inhibition  by  reaction  products  [4] 

G{r])  =  exp(-mr/)  (S') 

(ii)  gas  combustion,  with  simileirity,  r/  =  z,  and  the  kinetics  modeled  by  (2). 
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water  aerosol  is  inainly  due  to  the  presence  of  water  vapor  in  it  (see  Fig.  2,  where  the 
dependence  of  FL  for  methane  in  air  on  the  water  vapor  concentration  [3]  is  presented 
together  with  the  experimental  results  of  our  work).  The  water  vapor  concentrations 
in  our  work  were  computed  using  the  measured  partial  pressure  of  water  vapor  in  the 
reaction  vessel  at  the  ignition  moment.  The  agreement  between  the  results  of  [3]  and 
the  experimental  results  of  our  work  is  satisfactory. 

In  Fig.  3,  the  dependence  of  the  laminar  bmning  velocity  Su  for  the  methane- 
air  mixture  on  the  superheated  water  aerosol  mass  concentration  cjj^o  is  presented. 
The  rapid  decrease  in  5,,  with  increasing  has  an  exponential  character.  This  fact 
qualitatively  agrees  with  the  results  of  (4)  for  the  influence  of  water  vapor  on  the  laminar 
burning  velocity  for  hydrogen-air  mixtures.  This  effect  also  confirms  our  conjecture 
concerning  the  primciry  role  of  water  vapor  in  the  inertization  of  gaseous  mixtures  by 
superheated  water  aerosol. 
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ON  DETERMINATION  OF  COMBUSTION  WAVE  VELOCITY 
FOR  VARIOUS  FOP  MS  OF  SOURCE  FUNCTION 

B.  V.  Stepanov 

Institute  of  Structural  Macrokinetics,  Chernogolovka,  Russia 


1  Introduction 

One  of  the  most  important  problems  in  the  theory  of  nonlinear  waves  in  parabolic 
systems,  as  well  as  in  the  combustion  theory,  is  the  determination  of  wave  propagation 
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Based  on  certain  general  features  of  the  source  function  W  and  assumptions  con¬ 
cerning  the  behavior  of  the  solutions  to  Eq.  (1),  the  following  relationships  for  the 
combustion  wave  velocity  U  and  the  temperature  of  peak  heat  flux  z^,  (at  the  transi¬ 
tion  from  the  preheat  zone  to  the  zone  of  the  leading  reaction  stage)  can  be  derived: 

1 

F{zrn)  =  2W=2j  Wdz 
0 

z 

Note  that  if  the  function  W  satisfies  the  criterion  for  “narrow  reaction  zone”,  i.e. 
W  is  localized  in  the  vicinity  of  the  adiabatic  temperature  To,  Eqs.  (4)  and  (5)  yield 
the  asymptotic  result 

2,„  =>  1,  2W  (6) 

obtained  by  Zel’dovich  (2j  for  gas  combustion  and  by  Novozhilov  ('3]  for  condensed  phase 
combustion. 

3  Comparison  with  Numerical  Results 

To  verify  the  proposed  approximate  method,  Eq.  (1)  was  solved  numerically  by 
a  “shooting”  technique  using  a  highly  accurate  implicit  self-adapting  finite- difference 
scheme.  Starting  from  the  singular  points  (0,0)  and  (1,0)  along  the  asymptotic  solu¬ 
tions,  two  integral  curves  were  computed  toward  eacli  other,  and  the  value  of  com¬ 
bustion  velocity  was  found  by  matching  these  two  curves  at  some  “junction”  point 

As  a  first  test,  condensed  combustion  with  the  first-order  kinetic  law  given  by  Eq.  (2) 
was  analyzed,  and  the  dependence  of  combustion  velocity  U  on  the  initial  temperature 
To  was  determined,  all  other  parameters  being  fixed.  In  this  case,  the  velocity  Un 
was  found  by  numerically  solving  Eq.  (1),  and  U  was  evaduated  by  Eqs.  (4)  and  (5), 
for  various  pairs  of  /3  and  7,  where  7  =  and  ^0  is  the  value  of  /3  at  To  =  0, 

taken  0.05.  The  computed  results  show  that  Eqs.  (4)  and  (5)  can  be  used  to  find  the 
combustion  wave  velocity  with  a  good  accuracy. 

As  an  another  example,  the  dependence  of  combustion  velocity  on  the  inhibition 
degree  m  was  considered  for  condensed  phase  combustion  with  the  kinetic  law  of  Eq.  (3) 
(for  this  type  of  combustion,  Eq.  (4)  has  a  more  complicated  form).  The  graphs  of  U /Un 
and  Ua/Un  as  functions  of  m  (where  Ua  is  the  approximate  value  of  combustion  velocity 
obtained  in  [4,  5])  demonstrate  that  the  method  proposed  here  provides  a  good  accuracy 
of  predicted  combustion  velocity  in  a  broader  range  of  m. 

To  test  the  potential  accuracy  of  the  new  method,  solution  to  Eq.  (1)  was  found  for 
case  of  the  kinetic  law  of  Eq.  (3)  combined  with  the  similarity  between  rj  and  z: 
T]^  z.  In  this  case,  the  source  function  W(z)  belongs  to  the  class  of  solitary  impulse 


(4) 

(5) 
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functions,  its  shape  being  controlled  by  the  values  of  m,  7,  and  /?.  Thus,  we  have  shown 
that  the  proposed  approach  provides  ein  accurate  estimation  of  wave  velocity  for  the 
source  function  W(z)  of  solitary  impulse  type. 

The  author  is  happy  to  express  his  sincere  gratitude  to  Prof.  K.  G.  Shkadinsky  for 
his  interest  in  the  problem  and  useful  discussion  of  the  results. 
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INFLUENCE  OF  TITANIUM  SAMPLE  DENSITY  ON  IGNITION 
AND  STRUCTURE  FORMATION  IN  ELECTROMAGNETIC 

FIELD 

A.  1.  Trofimov,  A.  S.  Mukasyan,  1.  P.  Borovinskaya 

Institute  of  Structural  Microkinetics,  Chernogolovka,  Russia 


The  effect  of  electromagnetic  field  (EMF)  on  ignition  and  structure  formation  in 
the  titanium-air  system  is  investigated  in  the  present  work. 

The  experiments  were  carried  out  in  a  high-frequency  generator  with  working  fre¬ 
quency  440  kHz.  The  relative  density  of  the  pressed  initial  samples  varied  from  0.5  to 
0.7.  The  pellet  diameter  (2R)  and  its  height  were  constant  and  equal  to  1  cm.  The 
anode  voltage  of  the  generator  (Y)  was  constant  and  equal  to  3  kV. 
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Figure  1:  Dependencies  of  electrical 
conductivity  (1)  and  skin  layer  thick¬ 
ness  (2)  on  the  initial  sample  density. 


Figure  2:  Dependencies  of  the  final 
density  (I)  and  degree  of  conversion  (2) 
on  the  initial  sample  density. 


The  preheating  of  a  porous  titanium  sample  of  cylindrical  shape  was  shown  to 
depend  on  the  ratio  of  skin-layer  width  (5)  to  sample  density  {p).  Thermocouple  mea¬ 
surements  revealed  two  regimes:  ignition  at  the  side  surface  of  the  sample  and  at  its 
center.  In  the  case  of  5  «  ii,  depending  on  the  initial  sample  density  (/^o))  various 
reaction  modes  related  to  sample  filtration  characteristics  were  possible.  The  value  of  6 
can  be  approximately  evaluated  by  the  expression  (ij:  S  =  c j ^  where  c  is  the 
velocity  of  light;  /io  and  o-q  are  the  magnetic  permeability  and  specific  electrical  con¬ 
ductivity  of  titanium;  w  is  the  frequency.  Titemium  is  a  paramagnetic,  and  /io  =  !■  To 
evaluate  we  measured  (Tq  versus  sample  density  (Fig.  1,  curve  1).  The  experimental 
dependence  obtained  allowed  us  to  evaluate  S{p)  (Fig.  1,  curve  2). 

The  dependence  of  the  final  sample  density  (py)  on  the  initial  one  (po)  is  shown  in 
Fig.  2,  curve  1.  Two  characteristic  regions  are  present: 

(i)  with  the  linear  scaling  py  =  F(po)  and 

(ii)  with  a  virtually  constant  value  of  final  density. 

One  can  explain  this  result,  invoking  the  relation  ship  between  the  initial  and  final 
densities,  py  =  po(l  -f  const  ■  jy),  where  ij  is  the  final  conversion  depth.  A  chemical 
analysis  shows  (Fig.  2,  curve  2)  that  in  the  case  of  the  low  po  (high  porosity),  the 
afterburn  zone  was  wide  due  to  the  EMF  effect,  and  r)  was  essentially  constant  for 
every  po,  so  that  py  was  proportional  to  po-  At  high  initial  densities,  in  the  surface 
regime  of  ignition,  rj  decreased  with  increasing  po- 
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Thermocouple  measurements  have  proved  that  for  the  samples  of  0.5  <  Prei  <  0.6  a 
mode  of  the  voliune  reaction  is  realized  in  EMF,  with  gas  infiltration  from  the  outside 
being  insignificant.  Nitrogen  and  oxygen  distributions  over  the  sample  radius  were 
imiform.  The  microstructure  was  a  porous  crystallized  frame  of  oxygen  and  nitrogen 
solid  solution  in  titanium. 

When  0.6  <  Prei  <  0.7,  the  ignition  at  the  side  surface  was  observed.  The  wave 
propagated  to  the  sample  centre.  But  the  gas  amount  in  pores  was  not  sufficient  to 
support  intense  chemical  reaction,  and  the  air  access  from  the  outside  was  difficult.  In 
this  case,  the  sharp  decrease  in  the  reaction  depth  was  observed.  In  terms  of  struc¬ 
ture  and  phase  composition,  product  is  a  multilayer  material  with  various  components 
distributed  along  the  radius.  The  sample  edge  consists  of  sintered  particles  of  tita¬ 
nium  oxide  of  0.1  mm  thick.  Lying  further  beneath  are  regions  of  titanium  nitride  and 
solid  solution  of  nitrogen  in  titanium  of  3  mm  thick,  and  the  central  layer  is  unreacted 
titanium. 
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UNIFIED  DEPENDENCIES  FOR  TEMPERATURE 
SENSITIVITIES  OF  COMBUSTION  RATE  AND  SURFACE 
TEMPERATURE  OF  DBP 

A.  A.  Zenin,  S.  V.  Finjakov 

Semenov  Institute  of  Chemical  Physics,  Kosygin  Str.  4,  Moscow,  117977  Russia 


Introduction 

The  temperature  sensitivities  of  the  burning  rate,  j3  =  {dlnmfdTo)p,  and  of  the 
surface  temperature,  r  =  {dT,ldTo)p,  are  important  characteristics  of  the  burning  pro¬ 
cess.  (Here,  m  is  the  mass  burning  rate,  T,  is  the  surface  temperature,  and  To  is  the 
propellant  initial  temperature.)  These  characteristics  are  of  basic  importance  for  the 
combustion  theory  and  production  of  new  propellants  for  rocket  motors,  guns  etc.  Nev¬ 
ertheless,  the  overviews  of  this  problem  (see,  for  example,  [1]  covering  36  articles)  show 
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that  the  progress  in  this  field  is  rather  moderate,  due  to  the  absence  of  a  combustion 
theory  capable  of  explaining  the  gasification  process  in  combustion  waves.  This  paper 
presents  a  new  equation  for  /3  and  r,  based  on  unified  dependencies  for  the  main  pa¬ 
rameters  of  combustion  waves  of  double-base  propellants  (DBFs)  [2].  The  equations 
obtained  can  be  used  to  calculate  (3  and  r  in  a  very  wide  range  of  pressures  (up  to  1000 
atm).  The  existence  of  the  unified  dependencies  for  S  and  r  on  pressure  p  [p  >  100 
atm)  for  DBFs  under  certain  conditions  have  been  proved. 


Derivation  of  the  Expressions  for  r  and  (3 


Two  unified  dependencies  for  the  reaction  zone  parameters  of  DBFs  are  used.  The 
first  dependence  (the  gasification  law)  relates  the  mass  burning  rate,  m,  to  the  burning 
surface  temperature,  T,,  heat  release  Q  in  the  combustion  wave  and  pre-exponential 
factor  Q*Koi' 


m 


2 


kp  RTj 
Q  '  E 


Q^Koiexp 


(1) 


where  k  is  the  thermal  conductivity  and  p  is  the  density  of  the  solid.  The  experimental 
values  of  the  macrokinetic  parameters  are;  JS  =  (21  ±  1)  kcal/mol,  Koi  -  8  •  10°s”^, 
Q*  =  O.nQv,  where  is  the  propellant  caloric  power  at  constant  volume.  The  second 
dependence  (the  heat  release  law)  relates  heat  reler  se  in  the  solid,  Q,  and  the  parameter 
Qv  to  m  and  p: 


Qv 


0.17  -  O.lOSexp  (-0.0253pm-5)  , 


(2) 


where  p  is  in  atm,  and  m  is  in  g-cm“^s~^. 

Equations  (1)  and  (2)  are  valid  in  a  very  wide  range  of  pressures  (1-1000  atm)  [2]. 
The  analysis  shows  that,  to  obtain  the  relationship  between  r  and  /3,  one  can  use, 
instead  of  Eq.  (1),  the  expression  m  ~  T,I{T,  -  To)  •  exp{-El2RT,),  which  yields 


r  = 


j0-(T,-To)-' 


2;^ 


-  To)-i  ■ 


(3) 


The  unified  dependence  (2)  was  initially  obtained  for  To  =  20  °C.  Nevertheless,  a  special 
analysis  shows  that  Eq.  (2)  is  valid  for  To  varying  from  +100  to  -100  “C.  In  this 
case,  we  can  use  a  simplified  form  of  Eq.  (3); 


E 

2RTf' 


(4) 


The  second  equation  relating  /3  to  r  can  be  obtained  by  differentiating  Eq.  (2)  with 
respect  to  To-  The  weak  dependence  of  q  on  To  must  be  taken  into  account  (c/.  Q  — 
c,(Tj  -  To)  -  q,  where  q  is  the  heat  transfer  from  the  gas  to  the  solid).  The  final 
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equations  for  and  r  are: 

-1 

(6) 

Predictions.  Unified  Dependencies  of  and  r  on  p 

The  calculated  parameters  /3  and  r  are  in  a  good  agreement  with  the  experimental 
f3  and  r  for  many  DBFs.  This  implies  that  Eqs.  (5)  and  (6)  can  be  used  to  predict 
these  characteristics  for  DBFs  under  complicated  conditions,  such  that  and  r  are 
difficult  to  obtain  experimentally,  for  example,  at  high  pressures.  The  parameters  (3 
and  r  were  evaluated  for  a  group  of  DBFs  by  Eqs.  (5)  and  (6)  for  pressures  up  to  1000 
atm  {To  =  20  “C).  In  this  group,  the  propellant  caloric  power  Q„  varied  from  600  cal/g 
to  1200  cal/g,  whereas  it  varied  within  three  times  from  propellant  to  propellant.  The 
values  of  (3  and  r,  as  well  as  the  intervals  of  variation  of  these  values  at  fixed  pressures, 
have  been  shown  to  decrease  as  the  pressure  is  increased.  The  following  intervals  of  0 
have  been  obtained:  (2.2-2.7)-10”^  l/^C  at  130  atm,  (1.7-1.8)-10'"®  1/°C  at  250  atm, 
(1.1-1.3)'10"^  l/°C  at  500  atm,  and  (0.75-0.82)-10“®  1/®C  at  1000  atm.  The  intervals 
of  r  are  as  follows:  (0.3-0.35)  at  100  atm,  (0.14-0.17)  at  500  atm,  and  (0.11-0.14)  at 
1000  atm. 

The  variation  in  the  values  of  Q„  covered  a  very  wide  group  of  DBFs.  Thus,  the 
obtained  dependencies  for  r  and  0  showing  the  slight  variation  in  r  and  0  at  fixed 
pressures  for  p  >  100  atm  are  acceptable  as  the  unified  dependencies  of  r  and  0  on 
pressure  for  DBF. 

This  work  has  been  supported  by  Russian  Fundation  for  Fundamental  Research, 
Grant  No.93-02-14554. 


r  =  1  + 


1.3-10-^pQ„  E 
c,mi/2  RT} 


References 

[1]  Cohen  N.  S.,  Flangan  D.  A.  AIAA  Paper,  1984,  286,  12. 

[2]  Zenin  A.  A.  In:  Progress  in  Astronautics  and  Aeronautics,  143;  N.  Y.,  AIAA  Inc., 
1991. 


148 


ZEL’DOVIGH  MEMORIAL,  12-17  September  1994 


SESSION  3.  Diffusion  and  Heterogeneous  Combustion 

INTERACTION  OF  GASLESS  AND  FILTRATION  COMBUSTION 
A.  P.  Aldushin*,  B.  J.  Matkowsky^,  V.  A.  Volpert* 

"Institute  of  Structural  Macrokinetics,  Chernogolovka,  1^2^32  Russia 
t  Department  of  Engineering  Sciences  and  Applied  Mathematics,  Northwestern  University, 

Evanston,  IL  60208,  USA 


We  study  the  propagation  of  combustion  waves  through  porous  samples  in  which 
two  reactions  occur.  The  first  is  the  gaseous  solid-solid  reaction  between  two  solid 
species  in  the  porous  solid  matrix  to  form  a  solid  product,  while  the  second  is  a  solid- 
gas  reaction  in  which  the  gas  delivered  to  the  reaction  site  through  the  pores  of  the 
sample  reacts  with  one  of  the  sohd  species  to  form  both  sohd  and  gaseous  products. 
We  consider  the  case  of  coflow  filtration,  in  which  the  direction  of  gas  flow  is  the  same 
as  direction  of  propagation.  The  gas,  consisting  of  both  chemically  active  and  inert 
components,  filters  to  the  reaction  zone  through  the  product  region  thus  transferring 
heat  from  the  high- temperature  products  to  the  unburned  mixture  [1]. 

Analysis  of  this  problem,  in  which  specific  features  of  gasless  and  filtration  com¬ 
bustion  models  are  combined,  is  of  particular  interest  from  the  point  of  view  of  the 
practical  realization  of  SHS  processes  (2)  involving  weakly  exothermic  solid-solid  reac¬ 
tions.  It  is  known  that  the  burning  temperatures  in  coflow  filtration  combustion  waves 
can  significantly  exceed  the  adiabatic  Vcilue  calculated  for  stoichiometric  compositions. 
Thus,  arranging  for  coflow  filtration  to  occur  in  an  otherwise  gasless  SHS  process  can 
enhance  the  exothermicity  of  the  reaction  which  would  otherwise  the  insufficient  for 
the  propagation  of  SHS  waves.  Examples  of  such  systems  are  ceramic-oxide  supercon¬ 
ductors  and  silicon  and  tungsten  carbides.  The  low  heat  release  and,  accordingly,  the 
insufficiently  high  thermodynamic  temperature  are  the  principal  difficulties  in  using  the 
SHS  method  for  these  systems.  A  possible  solution  of  this  problem  is  to  increase  the 
temperature  in  the  combustion  wave  by  arranging  for  a  parallel  exothermic  reaction 
between  one  of  the  solid  components  of  the  mixture  and  an  active  component  of  a  gas 
which  filters  through  the  mixture.  The  possibility  of  generating  high  temperatures  in 
the  manner  may,  in  fact,  be  important  for  the  SHS  process  in  general. 

We  study  combustion  waves  with  two  reactions  propagating  through  samples  with 
a  pre  scribed  constant  incoming  gas  mass  flux  at  the  ignited  end.  In  the  coordinate 
system  attached  to  the  combustion  wave  which  propagates  from  right  to  left  at  an 
unknown  constant  velocity  u,  the  set  of  equations  governing  the  energy  and  species 
balances  is 


=  -w,  - 

ax 


(1) 


1 
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(2) 

dx  dx 

(3) 

(^3  =  1  +  Vl), 

(4) 

dp^ 

u—  =  v^zWi  (1/4  =  1  +  Vl), 

(5) 

(6) 

(7) 

6 

Cu  =  uY^piCiAcgG, 
i=0 

(8) 

dP 

=  pv,  v  =  -kf—,  P  =  pRT, 

(9) 

Pi 

P  =  /’2+/J5,  0=—. 

P 

(10) 

Here,  a;  =  a;'  -!-  ut,  where  t.'  is  the  spatial  variable  and  t  is  time,  p:  (?  =  0-6)  is  the 
effective  density  of  the  component  t,  i,e.  the  mass  of  component  i  per  unit  volume  of  the 
mixture.  The  indices  i  =  0, 1,  6  correspond  to  the  solid  reactants  A  {i  =■  0),  5  (i  =  1) 
and  the  inert  solid  7  (i  =  6),  the  indices  r  =  2,  5  correspond  to  the  gaseous  reactant  0 
{i  =  2)  and  the  inert  gas  7i  {i  =  5),  and  the  indices  i  =  3,  4  correspond  to  the  reaction 
products  AS  {i  =  3)  and  AO  (i  =  4).  Here,  c,  is  the  specific  heat  of  the  t-th  species, 
p  is  the  effective  density  of  the  gas,  a  is  the  concentration  of  the  gaseous  reactant,  T 
is  the  temperature,  P  is  the  pressure,  v  is  the  velocity  of  the  filtering  gas,  G  is  the  gas 
mass  flux,  m,  kf  and  X  are  the  porosity,  filtration  coefficient  and  the  heat  conductivity 
of  the  mixture,  Wn  and  (n  =  1,  2)  are  the  reaction  rates  and  thermal  effects  of  the 
two  reactions,  z  is  the  fraction  of  solid  in  the  product  of  the  solid-gas  reaction.  The 
molecular  weights  and  specific  heats  of  all  gaseous  components  are  assumed  to  be  equal 
(c2  =  C5  =  Cg  is  the  gas  specific  heat). 

The  boimdary  conditions  for  Eqs.  (l)-(7)  are  the  initial  state  far  ahead  of  the 
combustion  wave 

a:  =  -00  :  T  =  To,  p,  =  p.o,  (11) 

cind  the  state  at  the  right  end  of  the  sample  behind  the  combustion  wave,  where  the 
gas  is  forced  into  the  sample  and  the  complete  consumption  of  the  reactant  A  results 
in  the  termination  of  the  reactions.  Thus 

a:  ■-  0  :  p  =  pob  =  0,  dTjdz  =  0  (IFi  =  1^2  =  0)  . 

G  =  Gi,  =  -g^,  a  =  Of,  =  a°. 
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Here,  Gb  and  ab  are  the  Vcilues  of  the  respective  quantities  behind  the  combustion 
wave.  We  prescribe  the  constant  incoming  gas  mass  flux  3°  and  the  constant  incoming 
oxidizer  concentration  aP. 

We  employ  the  simplest  zeroth-order  reaction  scheme  for  the  kinetics  of  both  chem¬ 
ical  reactions, 


Wi  =  1 

'  hiT) 

Pi  >  0, 

Po>0 

'  1 

0 

pipe  =  0 

W2  =  < 

f  HT) 

px  >  0, 

a  >  0 

1  0 

Paa  =  0 

(T)  =  kon  exp  1^- 

En\ 

'rtj 

(n  =  1,2). 

Here,  kon  are  the  pre-exponential  factors  and  En  are  the  activation  energies  of  the 
reactions.  Both  reactions  accelerate  with  an  increase  in  temperature.  However,  the 
degrees  of  acceleration  can  differ  since  the  activation  energies  of  the  reactions  are  gen¬ 
erally  different.  We  emphasize  the  competition  between  the  reactions:  each  consumes 
the  reactant  A,  so  that  consumption  of  A  in  the  reaction  affects  its  availability  for  the 
other. 

Using  the  method  of  infinitely  narrow  reaction  zone  [3,  4],  we  reduce  the  set  of 
Eqs.  (I)-(IO)  to  the  algebraic  equations  for  the  flame  temperature,  propagation  velocity 
and  the  proportion  of  the  reactant  A  consumed  in  each  reaction.  Analysis  of  these 
equations  allows  us  to  find,  in  particular,  the  composition  of  the  product  as  depending 
on  the  controlling  parameters  of  the  problem  such  as  the  incoming  gas  mass  flux  and 
the  concentration  of  the  gaseous  oxidizer. 

Among  other  results  obtained,  there  is  the  multiplicity  of  the  stationary  solutions  in 
a  certain  range  of  parameter.  It  is  not  surprising  since  multiplicity  of  solutions  has  been 
found  in  simpler  problems  with  competing  reactions.  [5,  6,  3).  However,  unlike  the  case 
in  simpler  problems,  the  interaction  between  gasless  and  filtration  combustion  results, 
for  certain  values  of  parameters,  in  the  absence  of  any  stationary  solutions.  Another 
specific  feature  of  such  interaction  is  that,  unlike  pure  coflow  filtration  combustion,  the 
inverse  structure  of  the  combustion  wave  cannot  occur  in  this  problem. 
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Baliic  Siaie  Technical  University,  Si.  Petersburg,  Russia 


Introduction 

Combustion  of  aliunmized  composite  solid  propellants  (CSP)  results  in  formation 
of  a  two  phase  flow  containing  AI/AI2O3  agglomerates.  Modern  CSP  are  characterized 
by  a  high  (up  to  60%)  content  of  unburned  metal  in  the  flow  of  combustion  products 
over  the  burning  propellant  surface.  The  flow  evolves  in  a  combustion  chamber,  and 
the  parameters  vary  significantly.  The  metal  combustion  is  the  key  process  influencing 
the  chamber  performeuice.  mbustion  of  A1  droplets  in  gaseous  media  was  studied 
quite  successfully  for  a  long  time.  However,  the  results  do  not  provide  the  quantitative 
accuracy  of  predicted  combustion  parameters  sufficient  for  practical  application.  In 
particular,  this  applies  to  the  conditions  in  the  combustion  chamber.  In  this  study,  we 
developed  a  model  of  AI/AI2O3  agglomerate  combustion  in  the  flow  of  CSP  combustion 
products.  The  model  can  be  used  to  predict  the  characteristics  of  this  process. 

Model 

The  proposed  diffusion  model  is  based  on  the  vapor-phase  model  of  [1,  2],  as  illus¬ 
trated  in  Fig.  1.  The  key  points  of  the  model  are  the  following: 

•  the  gas-phase  flame  zone  is  of  finite  thickness,  and  all  reactions  within  the  zone 
are  at  equilibrium; 
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Figure  1:  Schematic  of  the  combustion  model. 


•  the  part  of  A1  droplet  surface  covered  by  oxide  does  not  take  part  in  burning 
process; 

•  the  chemical  interaction  between  AF  and  AI2O3  resulting  in  gaseous  products  can 
take  place  in  the  agglomerate; 

•  the  interaction  between  brnning  agglomerate  and  surrounding  gas  flow  is  analyzed 
in  a  boundary-layer  approximation  (zone  AC  in  Fig.  1);  within  zone  AC,  heat 
transport  is  dominated  by  conduction  and  radiation,  and  mass  transport  occurs 
by  diffusion. 

The  mathematical  model  of  combustion  includes  10  equations  of  heat  and  mass 
transfer  in  individual  zones  (AE,  EB  etc.). 

In  combination  with  the  models  of  agglomerate  structure  [3]  and  chemical  inter¬ 
action  between  AF  and  AI2O3  in  the  agglomerate  (3),  this  model  makes  it  possible  to 
calculate  the  following  parameters  of  the  process:  the  temperature  field  around  ag¬ 
glomerate;  the  dimensions  of  individual  zones;  the  A1  burning  rate;  the  rate  of  chemical 
interaction  between  AF  and  AI2O3. 

Results  and  Discussion 

The  calculated  temperatures  of  agglomerate  and  combustion  zone  are  close  to  the 
experimental  results  of  [4].  The  predictions  were  compared  with  the  results  of  the 
experimental  study  of  the  evolution  of  condensed-phase  combustion  products  (3).  It 
has  been  found  that  the  model  predicts  the  total  flux  of  vaporizing  metal  ( J,„)  within 
10%.  It  should  be  noted  here  that  the  flux  of  metal  reacting  with  oxide  can  amount 
to  30%  of  the  flux  of  metal  vaporizing  from  the  free  surface  of  A1  agglomerate  droplet. 
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Thus,  the  chemical  interaction  between  Ar  and  AI2O3  in  the  agglomerate  has  a  quite 
substantial  effect  on  the  entire  process. 

For  the  practical  purposes,  a  formal  model  was  developed.  It  retains  all  the  key 
relationships  of  the  complete  model  and  can  be  used  to  calculate  the  total  flux  of  the 


vaporizing  metal. 


Figure  2:  Dependence  of  Jm  on 
Re  and  t). 

Conclusion 


Figure  2  compares  the  predictions  of  the 
model  with  the  empirical  laws  currently  em¬ 
ployed  in  practice  [5-8)  at  the  following  val¬ 
ues  of  parameters;  A1  droplet  diameter  D  = 
150  /im,  gas-phase  oxidizing  potential  ajt  = 
0.2,  and  pressure  P  =  6  MPa.  Over  the  range 
of  Reynolds  numbers  (Re)  and  oxide  mass 
fractions  in  agglomerate  (rj)  examined,  the 
values  of  Jm  calculated  using  the  proposed 
model  fall  within  the  scatter  in  the  predic¬ 
tions  based  on  the  relationships  from  [5-8]. 
This  suggests  that  the  scatter  appeared  be¬ 
cause  a  number  of  factor  (agglomerate  struc¬ 
ture,  reaction  of  AP  and  AI2O3,  etc.),  which 
have  a  substantial  effect  on  the  combustion 
process,  but  were  not  taken  in  consideration. 


The  proposed  model  of  alimunum  agglomerate  combustion  in  the  flow  of  CSP  com¬ 
bustion  products  is  more  universal  and  reliable  as  compared  with  the  known  approaches. 
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RANKING  THE  RELATIVE  EFFECT  OF  FUEL  PARAMETERS, 
SUBMODELS,  AND  AMBIENT  CONDITIONS  ON 
DEVOLATILIZATION  TIME  AND  CHAR  BURNOUT  TIME  FOR 
PULVERIZED  BITUMINOUS  COAL  PARTICLES  UNDER 
REALISTIC  COMBUSTION  CONDITIONS 


Ole  Biede 

Labomtory  of  Heating  and  Air  Conditioning,  Technical  University  of  Denmark,  Building  402, 

DK-2800  Lyngby,  Denmark 


When  designing  experiments,  deriving  kinetic  parameters  and  modelling  pulverized- 
coal  combustion,  it  is  necessary  to  consider  many  different  physical  and  chemical  phe¬ 
nomena  that  might  influence  the  results.  To  study  the  effect  of  these  phenomena  on 
devolatilization  time  and  char  burnout  time,  systematic  variations  have  been  made 
on  coal  type,  char  reactivity  data,  particle  size,  gas  temperature,  particle  emissivity, 
wall  temperature,  oxygen  partial  pressure  in  the  ambient  gas,  Nusselt  number,  blow¬ 
ing  factor,  thermal  inertia,  devolatilization  model  and  rate,  heat  produced  by  carbon 
conversion  the  surface  of  particle,  and  heat  consumed  by  devolatiUzation.  The  order  of 
importance  of  the  parameters,  models,  and  ambient  conditions  is  given  in  conclusion. 

Theory 

The  energy  conservation  equation  for  a  spherical  particle  is: 


The  left-hand  side  Eq.  (1)  describes  the  thermal  inertia  of  the  particle  while  the 
right-hand  side  expresses  (i)  the  convective  heat  transfer  from  the  surrounding  gas 
corrected  for  the  high  rates  of  mass  transfer,  during  both  devolatilization  and  char 
burnout,  by  the  two  blowing  parameters  and  Be,  (ii)  radiative  heat  transfer,  (iii) 
heat  loss  during  the  endothermic  devolatilization,  and  (iv)  the  heat  released  at  the 
particle  surface  during  char  combustion. 
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The  bvurning  mode  of  the  particles  is  described,  as  a  function  of  burnout,  by 

Pc{t)  _  ( mc{t)Y 


Pc,i 


m, 


c,t 


dc{t)  _  I mc{ty 

dc,i  I  ^c,t  , 


(2) 


(3) 


where  nic.i,  Pc,i  and  (ic,t  are  the  weight,  the  apparent  density  and  the  diameter  of  the 
initial  char  particle  without  ash.  The  apparent  density  of  the  particle,  pap,  is  expressed, 
as  a  function  of  burnout,  by 


1  ^  Xqjt)  ^  1  -  Xqjt) 

Pap  Pa  Pc 


(4) 


where  pa  is  the  ash  density,  and  Xa{t)  is  the  fraction  of  ash  at  time  t  in  a  particle  of 
char  and  ash  only. 

The  char  combustion  is  assumed  to  be  zone  2  and  zone  3  reactions,  and  oxygen 
is  assumed  to  be  the  only  oxidizer.  In  zone  2,  the  overall  char  burning  rate  per  unit 
exterior  surface  area  of  the  particle,  q,  is  given  by 


9  =  =  ^cexp 


112  p 


(5) 


where  Poj,i  is  the  oxygen  partial  pressure  at  the  particle  surface  and  Ac,  and  n  are 
the  coal  type  dependent  pre-exponential  factor,  the  apparent  activation  energy  and  the 
reaction  order,  respectively. 

In  zone  3,  the  overall  char  burning  rate  per  xmit  exterior  surface  of  the  particle,  q, 
and  the  oxygen  mass  transfer  coefficient,  kj  are  given  by 


bi\n( 

T  V-lP02,g) 

McDa^Sh 

dpRTral^o  ’ 


(6) 

(7) 


where  Poj.g  is  the  oxygen  partial  pressure  in  the  gas,  Dox  is  the  diffusivity.  Me  is  the 
molar  weight  of  carbon,  Sh  is  the  Sherwood  number,  vq  is  the  stoichiometric  oxygen 
coefficient  for  the  reaction  at  the  particle  surface,  and  7  is  the  change  in  volume  during 
reaction  per  unit  volume  of  oxygen. 

The  devolatilization  is  described  by  two  different  models:  Distributed  Activation 
Energy  model  (DAE-model)  and  the  single  first-order  model.  The  release  of  individ¬ 
ual  species  is  described  in  the  DAE-model  by  nhe  number  of  independent  first-order 
reactions: 


dt 


(Vo,i  -  Vj)iv.o,iexp 


Ei/^i  i  (Tx 

RT„ 


(8) 
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where  Vo,i  and  Vi  are  the  potential  initial  amount  and  the  released  amount,  at  time  t, 
of  the  ith  volatile  species,  and  fcy.o.i,  Eu,i  and  a  are  the  frequency  factor,  activation 
energy  and  the  standard  deviation  of  activation  energy  for  the  i-th  species.  In  the 
first-order  reaction  model,  the  volatiles  are  not  divided  into  individual  species  but  the 
entire  devolatilization  process  is  expressed  by  Eq.  (8)  without  the  standard  deviation 
of  activation  energy. 

Assumptions 

•  Gas  temperature,  oxygen  partial  pressure  in  the  gas,  and  the  ambient  w?”  i  mper- 
ature  are  kept  constant,  e.g,,  homogeneous  reactions  in  the  gasphase  are  assumed 
to  have  no  effect  on  the  ambient  conditions. 

•  There  is  no  interaction  between  the  particles. 

•  The  initial  particle  temperature  is  350  K,  and  the  particles  are  assumed  to  be 
dry. 

•  Char  combustion  parameters  from  (1)  are  assumed  to  be  applicable  under  all 
conditions  considered. 

•  Parameters  are  varied  within  reasonable  limits,  e.g.,  within  conditions  representa¬ 
tive  of  the  pulverized- coal  combustor  conditions,  and  the  parameters  and  models 
given  and  frequently  used  in  the  literature  are  employed. 

•  Devolatilization  parameters  are  assumed  to  be  independent  of  coal  type. 

•  Char  burnout  time  is  defined  as  the  burnout  time  for  99.5%  of  the  char. 

•  Devolatilization  time  is  the  time  by  which  99%  of  the  potential  fraction  of  volatiles 
have  been  released. 

Calculations 

Standard  case 

A  standard  case  was  chosen:  HVB  bituminous  Columbian  Cerrejon  coal,  using 
the  char  reactivity  data  derived  in  6%  oxygen  [1],  at  ambient  gas  temperatures  of 
1400,  1600,  1800  and  2000  K  and  the  oxygen  content  of  3%,  wall  temperature  of  500 
K,  timestep  of  5  ms,  particle  sizes  of  20,  50,  100,  and  150  /iin  using  a  first-order 
devolatiUzation  model  with  parameters  from  [2],  emissivity  described  by  the  weighted 
mean  of  ash  emissivity  of  0.5  and  coal  type  dependent  char  emissivity  of  0.8-0. 9,  Nusselt 
number  of  2,  and  the  heat  loss  by  endothermic  devolatilization  was  100  cal/g  volatiles. 
Devolatilization  and  char  burnout  times  for  the  standard  case  are  shown  in  Table  1 . 
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Table  1:  Devolatilization  and  char  burnout  times  [ms]  as 
Lmctions  of  the  particle  size  and  gas  temperature  for  the 
standard  case. 


T, 

Devolatilization  time  [ms] 

Char  burnout  time  [ms] 

dp  [pm] 

dp  [pm] 

[K] 

20 

50 

100 

150 

20 

50 

100 

150 

1400 

5 

15 

35 

70 

365 

1000 

2370 

4040 

1600 

5 

10 

25 

50 

95 

245 

565 

1015 

1800 

5 

10 

20 

40 

35 

95 

320* 

710* 

2000 

5 

5 

15 

35 

15 

75* 

295* 

•660* 

’Reaction  rate  limited  by  di/Tiisioii  was  defined  as  the  efTcctive  reaction 
rate  liiglier  than  95%  of  the  maximum  clifTiision  rate. 


In  the  sensitivity  study,  the  ambient  conditions,  the  fuel  parameters  and  the  sub-  j 

models  were  varied  within  the  limits  described  below.  i 

» 

Case  variations  (46  cases): 

Ambient  conditions: 

•  Gas  temperature:  1400,  1600, 1800,  and  2000  K. 

•  Oxygen  partial  pressure  in  gas:  0.01,  0.03,  0.06,  and  0.12  atm. 

•  Wall  temperature:  500, 1200,  and  100  K  below  the  gas  temperature. 

Fuel-dependent  parameters: 

•  Particle  size:  20,  50,  100,  150  pm. 

•  Devolatilization  parameters:  [2-5]. 

•  Char  reactivity  parameters:  parameters  derived  at  6  and  12%  oxygen  for  Cerrejon 

[1]. 

•  Coal  types:  Cerrejon,  Columbia;  Blair  Atholl  and  Ulan,  Australia;  New  Mexico 
Blue  #1  (PSOC  1445),  Pittsburgh  #8  (PSOC  1451)  and  IlUnois  #6  (PSOC  1493), 

USA  [1].  (The  coal  type  dependent  parameters  are:  the  fractions  of  volatiles,  ash 
and  water;  char  reactivity  parameters  (Ac,  Ec,  and  n)\  CO/COj  product  ratio 
(influencing  uq,  7,  and  Be)]  burning  mode  constants  (a  and  /?);  initial 

carbon  density  (Pci);  char  emissivity  and  swelling  factor). 

1 
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•  Devolatilization  model:  single  first  order  model,  Distributed  Activation  Energy 
model. 


•  Particle  emissivity:  weighted  mean  of  ash  and  char  emissivities,  or  constant  0.6 
and  0.9. 

•  Nusselt  number:  2,  4. 

•  Heat  produced  at  particle  surface  by  heterogeneous  reaction:  AH{CO),  AH  (CO2). 

•  Heat  loss  by  endothermic  devolatilization:  0.100  cal/g  volatiles. 

•  Blowing  factors:  included  in  calculations,  neglected. 

•  Thermal  inertia:  weighted  mean  of  heat  capacities  of  ash,  char  and  volatiles  as 
function  of  burnout,  multiplied  by  0.5  and  by  2. 

Results 


1. 

Devolatilization  ranking 
Devolatilization  parameters 

1. 

Burnout  ranking 

Particle  size  (major) 

2. 

(major) 

Particle  size  (major) 

2. 

Gas  temperature  (major) 

3. 

Devolatilization  model  (major) 

3. 

Oxygen  content  in  gas  (major) 

4. 

Nusselt  number  (medium) 

4. 

Coal  type  (major) 

5. 

Gas  temperature  (medium) 

5. 

Char  reactivity  data  (medium) 

6. 

Thermal  inertia  (medium) 

6. 

Ambient  wall  temperature 

7. 

Coal  type  (medium) 

7. 

(medium) 

Heat  produced  at  surface 

8. 

Heat  loss  by  devolatilization 

8. 

(medium) 

Nusselt  number  (medium) 

9. 

(medium) 

Blew  factors  (minor) 

9. 

Particle  emissivity  (medium) 

10. 

Ambient  wall  temperature  (minor) 

10. 

Thermal  inertia  (medium) 

11. 

Particle  emissivity  (none) 

11. 

Heat  loss  by  devolatilization 

12. 

Oxygen  content  in  gas  (none) 

12. 

(minor) 

Devolatilization  parameters 

13. 

Char  reactivity  data  (none) 

13. 

(minor) 

Blow  factors  (minor) 

14. 

Heat  produced  at  surface  (none) 

14. 

Devolatilization  model  (minor) 
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The  results  of  this  parametric  study  are  presented  as  the  ranking  of  the  effect  of  each 
phenomenon  on  the  devolatilization  and  burnout  times,  divided  into  four  categories: 
major,  medium,  minor  and  none  influence  on  the  results.  It  must  be  kept  in  mind 
that  the  ranking  is  based  only  on  the  cases  considered,  e.g.,  within  the  limits  of  the 
parameter  variations. 

Among  the  ambient  conditions^  the  gas  temperature  is  important  for  devolatiliza¬ 
tion  time  and  especially  for  char  burnout  time.  The  oxygen  content  in  the  gas  is 
very  important  when  studying  char  combustion,  while  it  has  no  direct  effect  on  de¬ 
volatilization,  and  wall  temperatme  has  some  effect  on  char  combustion.  As  for  the 
fuel  dependent  parameters,  particle  size  is  seen  to  be  extremely  important  in  both  cases 
and  also  coal  type  is  seen  to  be  important,  especially  for  burnout  times.  Char  reactivity 
parameters  have  a  significant  influence  on  char  brnnout  times,  while  devolatilization 
rate  parameters  have  a  significant  influence  on  devolatilization  time.  As  for  the  sub¬ 
models,  devolatilization  models  are  important  for  devolatilization  time,  but  have  only 
a  slight  effect  on  char  combustion.  Neglecting  heat  loss  by  devolatilization  and  the 
blowing  factors  are  seen  to  have  some  effect  on  devolatilization  but  almost  no  effect 
on  char  combustion.  Models  applied  for  emissivity  and  heat  produced  at  the  particle 
surface  by  heterogeneous  reaction  are  seen  to  have  some  effect  on  char  burnout  times 
but  no  effect  on  devolatilization.  Assumptions  concerning  Nusselt  number  and  thermal 
inertia  are  seen  to  have  some  effect  in  both  cases. 

Acknowledgement 

The  model  used  in  this  work  is  a  submodel  in  the  computer  code,  FYRSYS,  used 
to  predict  distribution  of  temperattires  and  species  concentrations  in  pulverized-coal 
combustors  [6).  The  models  and  char  reactivity  parameters  are,  to  a  large  extent, 
based  on  the  work  of  Tprslev  and  Mitchell  [1].  This  work  has  been  supported  by  the 
Danish  Ministry  of  Energy  and  the  two  Danish  Power  Companies  ELKRAFT  A.m.b.a 
and  ELSAM  i/s. 


References 

[1]  Tprslev  Jensen  P.,  Mitchell  R.  E.,  Energy  Research  Project  No. 1323/87-16,  Geo¬ 
logical  Survey  of  Denmark,  1993, 

[2]  S0rensen  L.  H.,  Biede  0.,  Peck  R.  E.,  Ris0-R-669(EN),  Denmark,  1993. 

[3]  Anthony  D.  B.,  Howard  J.  B.,  Hottel  H.  C.,  Meissner  H.  P.,  Proc.  15th  Symp.  Jj 

(Int.)  on  Comb.,  1974, 1303. 

[4]  Kobayashi  H.,  Howard  J.  B.,  Sarofim  A.  F.,  Proc.  16th  Symp.  (hit.)  on  Comb., 

1976,411. 


160 


ZEL’DQVICH  MEMORIAL,  12-17  September  1994 


[5]  Fletcher  T.  H.,  Comb.  Flame,  1989,  78,  223. 

[6]  Biede  0.,  S0rensen  L.  H.,  Peck  R.  E.,  Energy  Research  Project  No.1323/88-23, 
(mostly  in  Danish).  Laboratory  of  Heating  and  Air  Conditioning,  Technical  Uni¬ 
versity  of  Denmark,  1992. 


IGNITION  AND  COMBUSTION  OF  A  SINGLE  HYDROCARBON 
FUEL  DROPLET  IN  MICROGRAVITY 

V.  N.  Bloslienko 

InsUiuie  of  Structural  Macrokineiics,  Chemogolovka,  142143  Russia 


The  time-dependent  theory  of  ignition  and  combustion  of  a  hydrocarbon  fuel  droplet 
was  proposed  by  Merzhanov  and  Peregudov  with  active  participation  of  Khaikin  in 
1971-1974  [1-3].  It  was  a  logical  extension  of  the  simplest  nonpremixed  combustion 
theory  of  Varshavsky  (1945);  Spalding,  Godsave,  Paleev,  Gurevich,  Klyachko,  and 
Williams  contributed  much  to  its  development  later.  The  years  that  passed  thereafter 
saw  great  progress  in  both  computational  and  experimental  hardware. 

This  paper  highlights  the  most  general  physical  ideas  and  further  results  of  the 
time- dependent  theory. 

Quasi-steadiness  of  gas-phase  processes  is  the  main  assumption  made  in  the  theory 
of  diffusion-controlled  combustion  of  a  droplet.  In  other  words,  the  processes  of  heat 
and  mass  transfer  are  assumed  to  instantaneously  adjust  to  variations  in  the  droplet 
surface  state.  The  criterion  for  the  quasi-steady  approximation  is 


-^1  < 
Vd 


Pd 


where  pd  and  p  are  the  droplet  and  gas  densities,  respectively;  r/  and  »v  are  the 
combustion  front  and  droplet  radii,  respectively.  At  ambient  pressures,  (ry/r^)  <C  10. 
At  the  same  time,  the  value  of  (ry/rj)  estimated  for  typical  hydrocarbon  fuels  [3] 
appears  to  be  within  9-27,  i.e.  the  criterion  for  quasi-steady  approximation  does  not 
hold  true. 

The  basic  result  of  the  quasi-steady  theory  of  diffusion- controlled  combustion,  the 
linear  decrease  in  the  squared  droplet  size  with  time,  was  verified  in  experiments  on 
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combustion  of  a  falling  droplet  ~  1  mm  in  size.  Although  the  main  conclusions  have 
been  qualitatively  confirmed,  such  an  agreement  is  hardly  to  be  expected  and  is  likely 
to  be  caused  by  the  effect  of  natural  convection,  which  stabilizes  the  flame  near  the 
drop  surface,  where  the  temperature  and  concentration  fields  are  quasi-steady.  Thus, 
it  can  be  concluded  that  the  quasi-steady  theory  describes  droplet  combustion  under 
the  conditions  of  strong  convection. 

The  time- dependent  theory  was  developed  for  the  case  without  natural  convection. 
One  of  the  most  important  conclusions  this  theory  leads  to  is  that  the  processes  of 
ignition  and  combustion  should  not  be  considered  independently.  They  can  be  divided 
into  three  interrelated  stages  (ignition,  formation  of  a  nonsteady  diffusion  front  (a 
transitional  regime),  and  nonstationary  combustion),  the  duration  of  each  stage  being 
dependent  on  the  deviation  of  its  parameters  from  their  "ritical  values. 

Ignition.  As  was  mentioned  above,  the  parameter  characterizing  the  inertia  of  the 
gaseous  environment  is  the  ratio  of  the  gas  and  droplet  densities,  =  p/ pd-  Although 
at  ambient  atmospheric  pressure  its  value  is  low,  the  inertia  of  the  medium  exerts 
a  significant  effect  on  the  process.  The  point  is  that  a  sufficient  amount  of  vapor 
formed  by  the  droplet  itself  is  necessary  for  the  initiation  of  its  combustion,  because 
the  chemical  reaction  rate  cannot  be  high  near  the  droplet  because  of  its  cooling  effect. 
Saturation  with  vapor  is  the  lowest  among  those  providing  ignition  a  maximum  amount 
of  vapor  should  fill  the  droplet  environment.  That  is  why  under  the  critical  conditions 
the  droplet  mass  vanishes  by  the  moment  of  its  ignition.  This  major  conclusion  of  the 
time-dependent  theory  of  ignition  agrees  well  with  the  experimental  results  obtained 
by  Grigor’ev  [4],  Wood  and  Rosser  [5],  and  Faeth  et  al.  [6]  and  confirms  the  hypothesis 
put  forward  by  Klyachko  in  1960:  the  apparent  decrease  in  the  reaction  order  is  the 
consequence  of  the  nonsteadiness  of  heat  and  mass  transfer  in  the  gas  phase.  Thus,  for 
a  bimolecular  reaction  the  dependence  of  the  critical  initial  drop  size  rjcr,  at  which  the 
drop  ignition  can  occur  at  the  given  parameters  of  the  environment,  is  1/n/F, 

while  the  quasi-steady  theory  suggests  ^  ^1 P,  where  P  is  the  pressure. 

The  Transitional  Regime  is  a  continuous  process  following  ignition  and  resulting 
in  the  formation  of  a  diffusion-controlled  combustion  front,  the  principles  of  which  were 
formulated  by  Varshavsky  in  his  theory.  Near  the  critical  conditions,  the  diffusion  front 
forms  at  the  expense  of  the  burnout  of  the  oxidant  residue  contained  between  the  front 
and  the  droplet  by  the  moment  of  ignition. 

The  Droplet  Combustion.  Diffusion  combustion  of  a  droplet  is  a  nonsteady 
process,  in  which  the  ratio  of  the  front  radius  to  that  of  the  droplet  is  increasing  with 
time.  This  conclusion  agrees  well  with  the  experimental  data  on  combustion  in  zero 
gravity  [7]  and  the  theoretical  studies  of  Kotax.a  and  Okazaki  [8].  The  variability  of  the 
ratio  of  the  front  and  drop  radii  is  caused  by  two  reasons.  By  the  moment  the  droplet 
heats  up,  the  front  has  travelled  far  enough  for  the  nonsteady  gas-phase  processes  to 
become  a  decisive  factor.  The  linear  dependence  of  the  droplet  size  squared  on  time 
is  also  valid  in  the  time-dependent  theory  to  a  sufficiently  good  accuracy,  because  the 
droplet  surface  temperature  is  close  to  the  boiling  point  and  the  droplet  evaporation 
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rate  is  mainly  determined  by  the  process  of  vapor  diffusion. 

In  the  above  theory,  convection  was  not  taken  into  account  and  the  droplet  was 
supposed  to  be  in  a  hot  oxidizing  medium  which  did  not  contain  the  droplet  vapor  at 
the  initial  moment.  Thus,  the  theory  was  designed  to  describe  droplet  combustion  in  a 
‘pure’  gaseous  oxidant  (the  Grashof  number  is  low  and  natural  convection  is  immaterial 
for  fine  droplets).  Droplet  combustion  is  employed  in  various  applications,  for  example, 
in  internal  combustion  engines  (ICE). 

A  study  of  droplet  combustion  in  a  gaseous  oxidizing  medimn  containing  vaporized 
droplets  should  be  a  further  step  in  the  development  of  the  theory  under  consideration. 
This  case  is  closer  to  the  processes  in  ICEs,  particularly  in  fuel-injection  engines.  The 
process  of  ignition  therein  is  a  complex  phenomenon.  It  is  evident  that,  for  some  initial 
amount  of  the  fuel  vapor,  the  droplet  size  is  nonzero  under  the  critical  conditions. 
Moreover,  the  concept  of  critical  conditions  seems  to  require  reinterpretation  in  this 
case. 

At  present  the  conclusions  of  the  theories  developed  previously  and  proposed  herein 
are  under  experimental  study.  In  particular,  combustion  of  fine  droplets  can  be  simu¬ 
lated  by  burning  large  drops,  aboard  spacecraft  on  mission. 
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A  central  theme  underlying  all  spray  processes  is  the  interface  phenomena  involving 
the  mass,  momentum  and  energy  exchange  driven  by  non-equilibrium  which  occurs 
between  the  dispersed  droplet  phase  and  the  gaseous  phase.  The  equilibration  occurs  in 
the  presence  or  absence  of  hydrodynamic  convective  motion,  time- dependent  variations 
in  flow  variables,  and  finite  rate  chemical  reactions  in  the  droplet’s  environment.  The 
latter  consists  of  the  mean  flow  of  a  gaseous  mixture  and  a  Stefan  flow  which  originates 
at  the  droplet  surface.  In  addition,  the  droplet  interior  motion  induced  by  the  relative 
motion  enhances  the  interface  exchange  rate. 

The  gasification  of  a  stationary  droplet,  with  a  fast  chemical  reaction  rate,  has  been 
extensively  studied  by  Godsave  [1],  Spalding  [2]  and  others  [3].  Analytical  investigations 
of  such  a  diffusion- controlled  flame  have  been  greatly  facilitated  by  the  mathematical 
procedure  developed  by  Schvab  and  Zel’dovich  (4,5)  to  aid  in  the  determination  of  global 
flame  configuration,  field  structure  and  binning  rates.  The  combustion  and  vaporiza¬ 
tion  of  a  convecting  droplet  in  a  general  combustion  environment  has  been  studied 
extensively  using  empirical  [6,7]  and  semi-empirical  [8,  9]  models,  and  by  numerical 
simulations  [10,11]  for  the  prediction  of  the  burning  rate  and  flow  behavior.  However, 
there  hds  been  a  lack  of  theoretical  procedures  which  lend  themselves  to  the  determina¬ 
tion  of  principal  mechanisms  to  ciid  in  the  understanding  and  analytical  determination 
of  the  laws  of  interface  exchange.  Moreover,  little  effort  has  been  devoted  to  the  de¬ 
termination  of  detailed  configurations  and  their  dependence  on  major  environmental 
conditions  such  as  temperature  and  Reynolds  number  of  the  relative  motion. 

The  objectives  of  this  paper  are  to  present  the  recent  results  of  theoretical  de¬ 
velopments  of  Canonical  droplet  theory  [12]  and  the  newly  predicted  phenomena  of 
transition  duality  and  hysteresis  in  steady  and  nonsteady  environments.  The  first  part 
of  the  paper  covers  the  analytical  development  of  the  Canonical  droplet  theory. 

The  Canonical  droplet  theory  provides  a  universal  law  by  which  the  rates  of  the 
interface  exchanges  of  scalar  and  vectorialproperties  of  an  isolated  droplet  are  analyt¬ 
ically  determined  as  the  eigenvalues  of  the  conservation  laws  represented  by  a  set  of 
nonlinear  partial  differential  equations.  Systematic  studies  entailing  the  principal  mech¬ 
anisms  and  parameters  affecting  the  gasification  and  aerodynamic  drag  of  a  droplet  in  a 
general  environment  of  steady  and  non-steady  states  are  presented.  The  second  part  of 
the  paper  presents  the  phenomena  of  transition  duality  characterized  by  the  existence 
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Figure  1;  Droplet  combustion  rates  versus  Reynolds  number  and  the  respective  upper 
and  lower  state  flame  configurations. 


of  two  droplet  states,  the  upper  and  lower  branch  state  featmed  by  an  envelope  flame 
and  a  wake  flame,  respectively.  The  transition  duality  is  predicted  to  occur  when  the 
characteristic  times  of  diffusion,  chemictd  reaction  and  flow  residence  are  approximately 
equal  to  each  other.  At  the  given  environmental  temperature  of  1000  K  and  a  droplet 
diameter  of  100  /xm,  the  transition  duality  is  found  to  occur  for  25  <  iZe  <  50,  as  shown 
in  Fig.  1.  The  “upper  state”  is  characterized  by  a  higher  burning  rate  than  that  of  a 
“lower  state".  In  addition,  the  wake  of  the  upper  state  has  a  smaller  axial  extention 
than  that  of  the  lower  state,  as  shown  in  Fig.  2.  Additionally,  structural,  configura¬ 
tional  and  combustion  properties  of  dual  states  and  the  hysteresis  phenomena  at  a  fixed 
Reynolds  number  are  extensively  examined  by  systematically  varying  the  temperature 
of  the  environment.  Furthermore,  the  effects  of  the  droplet  size  on  the  nature  and  the 
excitation  of  the  dual  state  are  also  scrutinized.  The  results  of  this  analysis  are  used 
to  construct  a  droplet  configuration  chart  in  which  the  excitations  of  the  upper  and 
lower  states  in  the  wide  operational  ranges  of  the  Damkohler  number  and  the  Reynolds 
number  are  identified.  A  comprehensive  system  of  universal  droplet  laws  accounting 
for  the  upper  and  lower  states  is  also  proposed  to  aid  in  spray  calculation. 

The  last  section  of  the  paper  deals  with  the  acoustic  response  of  a  combusting 
droplet  to  facilitate  the  identification  of  the  potential  mechanisms  and  factors  affecting 
the  onset  of  combusting  droplet  instability  in  a  wide  operating  range,  including  the 
transition  region.  Analytical  and  numerical  analysis  reveals  a  striking  dynamic  response 


165 


ZEl’DOyiCH  MEMORIAL,  It-n  SepUmber  J994 


Re=40,  high  branch  Re=40,  low  branch 


Figure  2;  Flame  configurations  and  wake  structures  of  the  upper  and  lower  state  at 
Re  =  40. 

characteristic  of  a  combusting  droplet  imder  the  excitation  by  an  acoustic  wave.  When 
a  combusting  droplet  in  the  lower  state  with,  for  example,  Re  =  40  is  disturbed  by  an 
acoustic  wave  of  2000  Hz,  which  is  characterized  by  a  sinusoidal  variation  in  Reynolds 
number,  as  shown  in  Fig.  3a,  the  timewise  variation  in  the  burning  rate.  Fig.  3a, 

behaves  such  that  the  Rayleigh  integral,  j  wpdv,  remains  to  be  a  largely  positive 

value  throughout  a  cycle.  Fig.  3b.  This  suggests  that  the  combusting  droplet  in  the 
lower  combusting  state  is  a  potential  source  of  combustion-driven  oscillation  [13].  An 
extensive  study  is  also  carried  out  to  assess  the  acoustic  response  characteristics  of 
a  droplet  in  the  various  operating  conditions  represented  by  Reynolds  number  and 
Damkohler  number  \mder  nonsteady  excitations.  These  results  are  used  to  construct 
the  instability  criteria  for  a  combusting  droplet  in  a  broad  range  of  operating  conditions. 

The  paper  concludes  with  the  identification  of  the  broad  area  of  unresolved  issues 
and  problems  of  isolated  and  interacting  droplets.  This  is  done  to  promote  the  progress 
in  our  understanding  of  droplet  and  spray  combustion. 
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Figure  3:  (a)  (top)  Time  history  of  the  burning  rate  in  response  to  an  acoustic  velocity 
fluctuation,  (b)  (bottom)  Time  history  of  nondimensional  Rayleigh  integral  in  response 
to  an  acoustic  velocity  fluctuation. 
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ON  THE  INSTABILITY  OF  LAMINAR  DIFFUSION  FLAMES 

I.  F.  Chuchalin 

Mari  Pedagogical  Institute,  Yoshkar-Ola,  Russia 

Diffusion  flame  is  considerably  influenced  by  the  combustion  products  layer  which 
is  well  seen  in  the  interference  photographs  (Fig.  1).  If  the  gas  supply  rate  does  not 
exceed  a  certain  critical  value,  the  flame  is  steady  and  the  combustion  products  layer 
has  the  shape  of  rectilinear  cylinder  (Fig.  la).  With  an  increase  in  the  gas  supply  rate, 
the  combustion  regime  becomes  oscillatory.  The  convexities  and  the  concavities  appear 
on  the  layer  surface  and  propagate  downstream  with  time  (Fig.  lb). 

The  amplitude  of  the  disturbances  on  the  layer  surface  increases  with  the  increase 
in  gas  supply  rate.  At  the  same  time,  the  character  of  oscillations  changes.  When  the 
oscillations  become  sufficiently  strong,  a  bifurcation  of  the  flame  is  observed,  i.e.  the 
fuel  stream  is  burnt  out.  Until  now,  the  nature  of  these  oscillations  and  the  flame  shape 
have  not  been  convincingly  explained. 

The  flame  oscillation  mechanism  is  related  to  the  changes  in  the  thickness  of  the 
combustion  products  layer  [1].  If  the  layer  thickness  increases,  the  oxygen  supply  to  the 
reaction  zone  decreases.  This  is  followed  by  an  increase  in  the  flame  height.  A  decrease 
in  the  thickness  leads  to  the  opposite  effect.  This  mechanism  can  also  explain  the 
bifurcation  of  the  flame  because  the  influx  of  the  oxidizer  is  higher  in  the  narrower  cross 
sections  of  the  combustion  product  layer,  due  to  radial  molecular  diffusion,  which  should 
be  the  reason  for  the  stream  being  burnt  out.  However,  an  attempt  to  theoretically 
explain  the  flame  shape  in  terms  of  this  mechanism  did  not  lead  to  desirable  results 
[2].  It  has  been  shown  by  solving  the  diffusion  equation  that  the  flame  boundary  has 
a  wavelike  surface  only.  Furthermore,  no  burnout  can  be  observed  at  any  disturbance 
amplitude.  Thus,  molecular  diffusion  is  not  the  only  mechanism  to  be  considered,  and 
the  most  important  factor  has  not  been  taken  into  account. 

Some  authors  (3,  4]  have  noted  that  the  oscillations  in  the  oxygen  supply  are  closely 
linked  with  hydrodynamic  instability.  Also,  V.  I.  Blinov’s  data  [3],  obtained  in  line 
with  the  Zel’dovich  theory  [5],  qualitatively  explained  certain  trends. 

In  my  opinion,  however,  the  fact  that  the  changes  in  the  combustion  product  layer 
thickness  along  the  flame  height  result  in  the  pulsations  of  the  flow  velocity  has  not 
been  taken  into  account  in  explaining  the  oscillations. 

The  velocity  of  the  combustion  product  flow  is  greater  in  contractions,  as  compared 
to  expansions.  This  must  influence  the  radial  molecular  diffusion,  which  leads  to  ad¬ 
ditional  suction  of  atmospheric  oxygen  into  regions  of  higher  flow  velocity,  where  the 
pressure  is  lower. 

A  supporting  evidence  is  provided  by  calculations  of  the  flame  shape  as  determined 
by  velocity  changes  along  its  axis. 
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Figure  1.  Figure  2. 

Numerical  calculations  of  the  flame  shape  and  height  were  performed  using  the 
diffusion  equation 

dc  _  ( d^c  1  dc\ 

dt  ^  r  dr  j  ' 

It  was  assumed  that  the  velocity  changes  along  the  flame  axis  by  the  harmonic  law 

.  27r .  , 

U-U0  +  asm— (ut  -  z), 

A 

where  uq  is  the  nondisturbed  flow  velocity,  a  is  the  disturbance  amplitude,  A  is  the 
disturbance  wavelength,  z  is  the  coordinate,  v  is  the  velocity  of  the  convexity  and 
concavity  displacement,  and  t  is  time. 

The  numerical  results  for  both  the  shape  and  the  height  of  the  flame  agree  well  with 
the  experimental  data. 

Figure  2  shows  the  flame  height  histories  for  three  disturbance  amplitudes:  10“® 
m/s,  3  ■  i0“^  m/s,  and  6  ■  10“®  m/s.  The  comparison  between  the  predictions  and  the 
real  scans  of  the  oscillating  flame  shows  a  good  agreement  between  the  theoretical  and 
experimental  results. 

Until  now,  the  influence  of  flow  velocity  pulsations  has  not  been  taken  into  account. 
Qualitative  coincidence  of  the  numerical  and  experimental  re.sults  suggests  that  this 
factor  plays  a  major  role  in  oxygen  supply  to  diffusion  flames.  Perhaps,  it  should  be 
taken  into  account  for  other  configurations  of  burning  fuel  stream. 
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One  of  the  major  factors  affecting  combustion  is  the  interaction  between  burning 
particles.  The  eilect  of  group  combustion  is  commonly  estimated  in  terms  of  group 
combustion  number  G  =  3crRllRp,  where  a  is  the  fuel  volume  fraction,  is  the  cloud 
radius,  Rp  is  the  radius  of  a  single  char  particle  in  the  cloud  [1).  The  purpose  of  this 
study  is  to  develop  and  validate  an  exact  analytical  model  for  the  interaction  between 
burning  particles  in  the  cloud. 

1  Method  of  Irreducible  Multipole  Expansion  for  the  Solution  of 
Laplace  Equation  for  N  Spheres 

The  suggested  theoretical  quasi-steady  model  of  group  combustion  of  coal/char 
particles  clouds  is  based  on  the  expansion  into  irreducible  multipoles  proposed  for 
the  solution  of  boundary-value  problems  in  low-Reynolds-number  hydrodynamics  in 
^21.  It  was  shown,  that  in  the  case  of  combustion  of  particle  clusters  in  a  hot  stagnant 
atmosphere  with  large  temperature  gradients  in  the  neighbourhood  of  burning  particles, 
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the  general  set  of  nonlinear  energy  and  mass  conservation  equations  can  be  reduced 
to  a  Dirichlet  boundary-value  problem  for  the  Laplace  equation.  The  solution  in  the 
neighbourhood  of  the  i-th  droplet  was  obtained  in  the  form 

u  =  uHxr'  +  f;  (i  -  <<““+'>)  (1) 

n=0 

where  17  is  a  conserved  property  of  the  continuous  phase  (concentration  or  tempera- 

ture),  is  the  field  generated  by  the  i-th  droplet,  if  an  n-th  order 

irreducible  tensor(see,  e.g.,  [2]),  and  coefficients  can  be  found  from  the  set  of 

linear  equations; 


j=l  k=Q 


In  the  latter  expression,  ^  £i  = 


j2(n -t- ib)  -  1)!!  I  Li 


(-l)'^+"[2(fc-T-n)  -  1]!! 


Wfcn  = 


fc!(2n-  1)!! 


,  and  are  the  Cartesian  coordinates  of  Lij  and 


y(«.i)  =  — r — 


2  Combustion  of  Clouds  of  Char/Carbon  Particles 

Consider  a  system  of  N  spherical  char/carbon  particles  immersed  in  a  if-component 
gaseous  mixture  containing  oxidizer  at  temperature  Too .  ft  is  assumed  that  the  chemical 
reaction  that  occurs  at  the  surface  of  the  particles  is  of  the  first  order  and  the  chemical 
reaction  rate  is  high.  Since  the  characteristic  rates  of  diffusion  and  heat  relaxation  are 
much  less  than  the  burning  rate,  a  quasi-steady  approximation  for  combustion  model 
is  used. 

Under  the  above  assumptions,  in  the  case  of  power-law  dependence  of  thermal 
conductivity  and  diffusivity  on  temperature  and  negligible  effect  of  thermal  radiation, 
the  analytical  expressions  for  the  distributions  of  temperature  Jg  and  dimensionless 
concentration  Ct  and  heat  and  mass  fluxes  are  derived  in  the  following  closed  analytical 
form: 

,.._n  ,(l  +  a-/5o)(IVT^“:«i-l 


Cl  =  C^.oo  -  (t'r-C’o.oo/i'oT'r.ns) 


{l  +  a-Pi)  -  V 
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Figure  1:  Average  primary  particle  cor-  Figure  2:  Average  primary  particle  cor¬ 
rection  factor  vs.  G-number.  rection  factor  vs.  volume  fraction. 


Tg  -  Too  {I  + 


T 


-  '1  fz  +  E 


Z  =  Too  l  +  il  +  a-0o)'^j^qmoCo, 


|l  -  E  (^(2-  +  Wi..,..  Vi,  ...  Vi.  (i)  , 

(6) 

(T.  \  "^ 

<?S‘’=-Co..o«?>  ,  (T) 

where  I  is  the  species  number  (“0”  denotes  oxidizer)  and  Ci  =  nt/n,  n  and  ni  being 
the  number  densities  of  molecules  of  the  gas  mixture  and  molecules  of  the  f-th  specie, 
Di  is  the  binary  diffusion  coefficient,  kg  is  thermal  conductivity  of  gas,  Ty  is  the  gas 
temperature,  T,  is  the  temperature  of  the  i-th  particle,  q  is  the  heat  of  combustion, 
mo  is  the  mass  of  the  oxidizer  molecule,  uq  and  ui  are  stoichiometric  coefficients, 
and  are  the  heat  and  mass  fluxes  at  the  surface  of  the  z-th  particle,  respectively, 

^  )>  subscript  “oo”  denotes  the  value  at  infinity. 

The  developed  model  was  applied  to  the  analysis  of  group  combustion  of  spherical 
and  cylindrical  random  clouds  of  particles.  The  results  of  calculation  of  the  correction 
factor  t]p,  defined  as  the  ratio  of  the  single  particle  burning  rate  to  the  burning  rate 
of  a  particle  located  at  the  center  of  a  cluster  of  burning  particle',  versus  G-number 
presented  in  Fig.  1  (curve  1  was  plotted  for  a  cylindrical  cloud  and  curve  2  was  plotted 
foi  a  spherical  cloud,  both  containing  100  particles)  were  compared  with  experimental 
data  [3-5]  obtained  for  the  cylindrical  cloud.  As  is  seen  from  these  plots,  the  suggested 
model  of  particle  combustion  agrees  well  with  these  experimental  data. 
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The  results  of  calculation  of  the  correction  factor  r)p  versus  particle  volume  fraction 
for  the  spherical  and  cylindrical  clouds  containing  N  =  100  particles  are  shown  in 
Fig.  2.  Curve  1  was  plotted  for  a  cj'lindrical  cloud  and  curve  2  was  plotted  for  a 
spherical  cloud.  These  calculations  were  performed  for  informly  distributed  coordinates 
and  log-normaUy  distributed  radii  of  the  particles. 

The  results  of  the  analysis  of  burning  of  char/carbon  particles  clouds  with  cosine  and 
exponential  distribution  of  particle  coordinates  were  also  obtained.  It  was  demonstrated 
that  the  rate  of  particle  cloud  combustion  is  determined  by  the  rate  of  combustion  c! 
a  primary  (central)  particle. 
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COMBUSTION  OF  ALUMINIUM  UPON  LASER  IRRADIATION 

V.  A.  Ermakov,  J.  P.  Zamyatina,  A.  A.  Razdobreev 

Reseanh  Insiiiule  of  Applied  Mathemitics  and  Mechanics,  Tomsk,  Russia 


The  sintering  of  metal  powder  particles  is  an  integral  part  of  the  process  of  com¬ 
bustion  of  metallized  condensed  systems  (in  rocket  engines  and  MHD  generators).  The 
sinter  formed  consists  primarily  of  the  active  metal  and  its  oxide.  The  combustion  of 
the  sinter  proceeds  during  its  motion  in  a  high-temperature  gas  flow.  The  study  of 
the  combustion  dynamics  under  these  conditions  often  presents  substantial  difficulties. 
Therefore,  it  is  of  interest  to  investigate  experimentally  some  sinter  specimens  under 
model  conditions.  The  use  of  laser  heating  offers  some  advantages  in  this  case. 
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0  100  200  300  l,ms 

Figure  1:  Aluminum  volume  evolution 
during  agglomerate  burning. 


Tg,JJ 


Figure  2:  Variation  of  combustion  time 
with  size  of  agglomerate. 


For  the  combustion  and  sintering  studies,  an  experimental  technique  [IJ  based  on 
the  heating  of  a  specimen  by  the  radiation  of  a  continuous  IR  laser  and  simultane¬ 
ously  recording  the  processes  occurring  in  the  specimen  by  a  high-speed  camera  was 
developed.  This  technique  was  employed  in  our  experiment  on  sinter  combustion.  The 
sinter  specimens  were  ellipsoids  consisting  of  two  parts:  an  oxide  hemisphere  and  a 
metallic  hemisphere.  The  metal  content  varied  from  16  to  40%.  The  experiments  were 
carried  out  at  atmospheric  pressure  and  at  10  atm.  The  measured  parameters  of  the 
sinters  were  the  ignition  delay  time  and  the  combustion  time,  the  aluminum  oxide  and 
aluminum  volumes  varying  in  the  process  of  combustion,  as  well  as  the  limiting  wetting 
angles.  The  aluminum  and  aluminum  oxide  volumes  were  found  by  solving  the  problem 
of  the  equilibrium  for  a  composite  drop. 

Based  on  the  experimental  data  obtained,  the  mechanism  of  sinter  ignition  and 
combustion  has  been  proposed.  The  principal  feature  of  sinter  ignition  and  early  com¬ 
bustion  stage  is  the  increasing  amount  of  almninum  on  the  sinter  surface.  The  ignition 
occurs,  as  a  rule,  over  the  surface  of  exposed  metal.  When  the  metal  content  is  high 
(30  to  40%),  the  metal  is  liberated  at  the  surface  in  the  form  of  drop.  After  ignition, 
a  hemispherical  drop  of  aluminum  forms  at  the  top  surface  of  the  sinter,  which  is  sur¬ 
rounded  by  a  flame  consisting  of  three  zones  (at  atmospheric  pressure)  or  a  narrow 
bright  luminous  combustion  zone  which  completely  screens  the  sinter  (at  ihe  pressure 
of  10  atm.).  Subsequently,  the  combustion  proceeds  with  a  decrease  in  aluminum  vol¬ 
ume  (Fig.  1:  the  radiation  intensity  is  1000  Wcm“^,  the  sinter  initial  average  size  is 
500  mm,  at  the  atmospheric  pressure). 

The  ignition  delay  and  combustion  times  were  measured  for  the  sinters  under  in¬ 
vestigation  as  functions  of  the  sinter  size.  Figure  2  shows  the  size  dependence  of  the 
combustion  time  for  sinters  containing  40%  of  metal,  measured  at  the  pressure  of  10 
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atm.  The  data  fit  well  the  expression 


Tc  =  aDl'^. 

We  estimated  the  effect  of  various  factors,  such  as  the  varying  surface  area  of  the 
burning  aluminum  and  the  convective  and  radiative  losses,  on  the  character  of  the  vari¬ 
ation  in  aluminum  volume  in  the  process  of  sinter  combustion.  The  effect  of  the  quartz 
substrate  on  the  accuracy  of  aluminum  oxide  volume  measurements  was  investigated. 
It  has  been  found  that  this  effect  is  considerable  only  at  low  radiation  intensities  (and 
at  the  termination  of  the  process  of  aluminum  combustion  under  the  conditions  of  our 
experiments),  so  it  can  be  neglected  here. 
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STEAM  GASIFICATION  OF  COKES  OF  NATURAL  COALS 
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1.  The  present  work  reports  the  results  of  experimental  studies  of  kinetics  of  cokes 
gasification  for  coals  from  the  Irsha-Borodinsk  and  Kuznetsk  deposits  using 
the  method  of  a  thin  fine-grained  bed.  Our  expertise  shows  that  a  bed  of 
moderate  height,  ~  10  mm,  provides  conditions  close  to  isothermic.  Hydrody¬ 
namic  mechanisms  of  gas  flow  through  the  bed  are  investigated.  The  papers  by 
Ya.  B.  Zel’dovich  (1],  D.  A.  Frank-Kamenetskii  (2],  V.  I.  Blinow  [3],  L.  N.  Khitrin 
[4]  etc.,  focused  on  the  reactions  in  porous  and  powdered  materials.  The  thin-bed 
method  of  studying  ground  coke  is  adequate  for  the  process  pattern  presented  by 
these  authors. 

2.  The  reactor  was  a  quartz  cylinder  38  mm  in  diameter,  separated  by  a  quartz 
gr.  te  with  a  12-min  bight  fill  on  it.  It  was  placed  into  a  graphite  pipe  heated  by 
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ar.f.  current.  A  flow  of  H2O  +  N2  mixture  of  prescribed  concentrations,  heated 
to  500  K,  was  fed  from  the  top  through  the  fill.  At  the  bed  outlet,  residual  mois¬ 
ture  condensed,  its  amoimt  was  measured  and  the  dry  products  were  analyzed  by 
means  of  a  chromatograph.  Also,  the  bed  was  weighed  before  and  after  the  ex¬ 
periment.  The  temperature  of  the  porous  bed  was  measured  by  a  thermocouple 
0.3  mm  in  diameter  in  a  quartz  coating.  Measurements  of  temperatme  distri¬ 
bution  along  the  bed  height  and  radius  have  shown  that  the  temperature  drop 
along  12  mm  bed  and  30  mm  plateau  amounts  to  ~  20-30  K.  Experiments  were 
conducted  at  880-1500  K  at  the  average  steam  volume  fractions  of  10%,  14.5%, 
20%,  and  27%;  the  flow  velocity  under  these  conditions  was  0.3  m/s.  Fuel  grain 
sizes  varied  within  530-600  pm  and  600-800  pm.  The  inner  surface  of  the  coke 
was  measured  by  the  BET  method  before  and  after  the  experiment.  The  inner 
surface  substantially  increased  after  pyrolysis  from  12  m^/g  up  to  123  m^/g,  and 
after  reaction  approximately  3  times  more.  It  has  been  shown  that  the  inner 
surface  plays  an  active  role  in  the  reaction;  the  value  of  specific  iimer  surface 
for  particles  of  different  diameters  ~  550  and  800  pm,  reacted  under  the  same 
conditions,  appeared  to  be  close,  thus  pointing  to  the  kinetics-controlled  regime 
of  reaction. 


Figure  1  presents  the  yield  of  dry  products  for  the  Irsha-Borodinsk  coal  at  various 
temperatures  and  steam  concentrations.  For  the  Kuznetsk  coal,  the  results  are  similar. 
The  decrease  in  hydrogen  concentration  with  increasing  bed  temperature  and  excess  of 
CO2  over  CO  yield  at  T  <  1100  K  is  of  special  interest,  pointing  to  a  noticeable  role 
of  the  conversion  reaction  CO  -}-  H2O  =  CO2  -I-  H2  (I)  and  formation  of  CO2  by  the 
reaction  C  +  2H2O  =  CO2  +  2H2  (II)  at  these  temperatures.  Calculations  have  shown 
that  towards  1300  K  the  conversion  reaction  reaches  an  equilibrium  and  its  role  in  the 
process  tends  to  zero.  The  role  of  reaction  (II)  is  proved  by  solving  inverse  kinetic 
problem. 

Based  on  Fig.  1,  gas  analysis  data  and  the  measured  change  of  bed  weight  due  to  the 
reaction,  we  obtained  the  values  of  specific  reaction  rate  K,  (g  cin“"s“^)  for  various 
temperatures  and  concentrations  (the  parameters  are  given  above).  The  Arrhenius 
dependence  on  temperature  and  the  first  order  of  the  reaction  have  been  established 
only  for  concentrations  of  H2O  not  exceeding  15-20%  by  weight. 

It  has  been  theoretically  shown  [l-4j  that  rate  of  chemical  reaction  in  a  porous  bed 
is  proportional  to  the  square  root  of  the  rate  constant  K.  The  macroscopic  rate  of 
chemical  reaction  under  these  conditions,  in  the  presence  of  oxidizer  flow  towards  the 
bed  surface,  is  known  [2-4]. 


K, 
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Figure  1:  Dry  products  yield  in  gasifi¬ 
cation  of  the  Irsha-Borodinsk  coals. 


Figure  2:  Dependence  of  reaction  gas- 
exchange  coefficient  on  temperature: 

(a)  coke  of  the  Irsha-Borodinsk  coal; 

(b)  coke  of  the  Kuznetsk  coal. 


or,  introducing  the  gas-exchange  coefficient  a  (4), 

PCo 


«  Oiltf 


where  a  in  general  form  is  given  by 


a  =  K  \Di  { coth  XR 


XRj  ’ 


(2) 


A  = 


ISiK 

Di  ' 


(3) 


Estimation  of  the  denominators  in  Eqs.  (1)  and  (2)  has  shown  that,  for  the  chosen 
conditions  of  gasification. 


> 


a  “  NudijDjd' 


and,  therefore, 

li. 

SCo 


=  a-^/S^KD^  or  log  =  log(a)  =  log  -flog  (e  inf'j 


Figure  2  presents  the  experimental  data  in  the  (logo,  (1/T)  ■  10'*)  plane.  All  the 
experimental  points  are  close  to  the  straight  line  logo  ~  T~*,  in  which  case  diffusional 
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resistance  is  not  observed.  The  upper  straight  line  “a”  of  Fig.  2  corresponds  to  the 
Irsha-Borodinsk  deposit  coal,  and  the  lower  one  “b”  to  the  Kuznetsk  deposit  coal. 
Using  these  experimental  data,  we  obtained  the  value  of  the  activation  energy  for 
the  chemical  reaction  rate  constant,  E  =  42400  cal/mol,  for  the  Kuznetsk  coal  and 
E  =  39540  cal/mol  for  the  Irsha-Borodinsk  coal.  The  upper  cut  off  on  the  ordinate 
axis  conforms  to  \fDiSiKo  \  its  value  is  2.34-10®  cm/s  for  the  Kuznetsk  coal.  Calculation 
of  the  preexponential  Kq  is  complicated  by  the  difficulties  in  determining  the  reaction 
surface  S.  The  surface  measured  by  BET  is  not  the  reaction  surface.  The  reaction 
surface  has  been  determined  experimentedly  (5, 6],  which  makes  it  possible  to  determine 
Kq  and  find  the  constants  K  depending  only  on  the  temperature  and  not  on  other 
parameters,  in  particulcir,  on  the  coke  conversion  depth.  The  latter  fact  explains  the 
considerable  discrepancies  in  the  values  of  K  obtained  by  different  authors. 

For  the  Irsha-Borodinsk  coal,  we  present  the  calculated  value  of  a  =  2.93-10® 
exp(-39540/2i?r)  m/s. 

For  the  Kuznetsk  coal,  according  to  the  data  of  Fig.  2b, 

a  =  2.34  - 10®  -  exp(-42400/2ii:r)  m/s. 

The  activation  energy  for  Is  obviously  E'  —  jB/2  =  19770  cal/mol  for  the  Irsha- 
Borodinsk  coal  and  E'  =  E/2  =  21200  cal/mol  for  the  Kuznetsk  coal  . 

The  yield  of  useful  products  in  experiment,  (CO  -f  H2)/C02,  is  2-2.5  m®/kg. 
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NONSTEADY  HETEROGENEOUS  FLAME  PROPAGATION: 
A  DEVELOPMENT  OF  TODES  AND  ZEL’DOVICH  SCALLNG 

IDEAS  IN  1969-1994 

A.  Goltsiker,  S.  Chivilikhin,  A.  Belikov 

Si.  Petersburg  Institute  of  Fine  Mechanics  and  Optics  St.  Petersburg,  Russia 


The  principal  feature  of  the  classical  combustion  theory  developed  in  the  glorious 
30s  was  an  early  and  intuitive  usage  of  spatial  (in  Ya.  Zel’dovich’s  famous  “narrow  heat 
release  zone”  approximation  in  the  theory  of  laminar  flame  propagation  and  dynamic 
temporal  (in  0.  Todes  general  time- dependent  theory  of  thermal  explosion)  scaling  and 
self-similarity  ideas.  The  more  complex  and  realistic  subsequent  models  of  combustion 
phenomena  dealt  with  more  sophisticated  spectrum  of  scales  and  therefore  met  with 
difficulties  in  using  the  scaling  techniques.  This  is  correct  with  regard  to  heterogeneous 
systems,  especially  such  as  gas-particle  mixtures. 

Without  depreciating  the  role  of  some  pioneering  contributions  made  in  20s  through 
50s,  it  should  be  stressed  that  it  was  L.  Klyachko  who  put  forward  in  the  60s  a  program 
of  reformulation  of  the  classical  model  combustion  problems  of  ignition  and  flame  prop¬ 
agation  for  such  heterogeneous  systems,  with  their  specific  scales  of  heat  release  and 
transfer  phenomena.  Many  analytical  and  numerical  but  few  experimental  (especially 
“experimentum  crucis”  style)  works  were  conducted  to  fulfil  this  program:  they  tried  to 
find  an  adequate  energy  transfer  mechanism  (and  the  corresponding  scale)  to  explain 
why  flame  propagation  velocities  for  heterogeneous  systems  remain  of  the  same  order  of 
magnitude  as  in  gas  despite  the  appreciably  lower  rate  of  energy  release.  The  disadvan¬ 
tage  of  standard  gas- conduction  models,  as  well  as  the  apparent  turbulence  suppression 
in  a  particle-laden  gas,  spurred  the  development  of  the  Nusselt-Cassel-Essenhigh  idea 
of  preignition  heating  due  to  radiative  energy  transfer. 

We  tried  to  highlight  the  importance  and  influence  of  spatial  and  temporal  scales, 
based  on  physical  factors;  a  similar  approach  was  later  used  by  Ogle  et  al.  The  most 
interesting  result  of  such  an  approximation  (with  fixed,  independent  kinetics)  was  the 
comparative  analysis  of  competing  energy  transfer  scales,  conductive  and  radiative, 
leading  to  problems  of  boimdary-layer  type.  Furthermore,  Bhadury,  Rumanov  and 
Khaikin,  Stepanov,  Vainshtein,  Gouling,  Krazinski  and  many  others  tried  to  inves¬ 
tigate  radiative  or  radiative-conductive  models  of  propagating  dust-air  flames  with 
various  types  of  diffusion  kinetics,  most  of  these  works,  including  those  by  the  Odessa 
University  group  (Zolotko,  Shevchuk,  Goroshin  et  al.)  and  ours,  used  numerical  ap¬ 
proaches.  They  realized  the  proposed  radiation  mechanism  for  numerous  metals.  It  is 
interesting  that  Joulin  et  al.  named  the  governing  dimensionless  parameter,  relating 
competing  scales  in  the  problem,  the  “Zel’dovich  number".  These  principal  modelling 
investigations  are  mainly  of  qualitative  use  because  of  the  extreme  degree  of  uncertainty 
in  the  great  many  of  physicochemical  parameters,  their  distributing  as  well  as  even  in 
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their  mean  Vcilues.  That  is  why  the  most  interesting  experiments  have  been  realized  not 
for  direct  verification  of  numerical  results  (those  provided  only  qualitative  estimates, 
trends  in  the  correlations  between  variables,  etc.),  but  to  assess  the  accuracy  of  the 
basic  assumptions  e.g.,  that  of  the  leading  role  of  transferred  and  absorbed  radiation. 
Such  sophisticated  spectral  experiments  were  conducted  at  the  US  Bureau  of  Mines 
to  measure  the  intensity  of  light  emitted  and  absorbed  by  coal  particles  radiation  in 
ultraviolet,  visible  and  especially  infrared  spectral  regions. 

The  second  specific  scale  feature  of  dust-air  flames  is  their  rather  large  (as  compared 
to  other  scales,  e.g.,  particle  diameter,  interparticle  distances,  and  even  the  conductive 
length  in  gas,  y/cifp,  etc.)  radiative  zone  depth,  which  includes  the  reaction  zone  UTp, 
followed  by  the  zone  of  hot  and  radiating  reaction  products.  This  broad  radiating 
zone  leads  to  some  nonsteady  effects,  which  were  negligible  for  the  classic  Zel’dovich- 
type  flames  with  narrow  reaction  zone.  This  nonsteadiness  was  first  mentioned  by 
Cassel  and  later  experimentally  studied  by  lonnshas  in  our  laboratory  in  the  70s.  At 
the  same  time,  we  proposed  a  radiation-induced  mechanism  of  the  nonsteady  flame 
propagation  in  air-dust  systems  consisting  of  the  previously  formed  preignited  finite 
zone  with  distinct  forward  and  backward  front  surfaces.  An  adequate  technique  for 
such  a  confined  evolving  energy  source  must  employ  integral  differential  equations, 
which  yields  “jumping”  propagation  with  smoothing  derivatives.  Some  criteria  for 
the  asymptotic  (stationary)  propagation  have  also  been  formulated,  as  well  as  the 
parametric  correlations  for  the  limits  of  such  regimes.  This  radiative  mechanism  of 
nonsteady  flame  propagation  was  also  applied  to  the  spherical  case. 

Later  on,  the  nonsteady  dust-air  flame  propagation  was  experimentally  investi¬ 
gated  by  Shevchuk,  Ozerov  and  others  for  various  particulate  substances.  At  the  end 
of  the  80s  some  authors  attempted  numerical  solutions  for  the  more  complex  case, 
including  both  conductive  and  radiative  energy  transfer  scales  and  using  the  kinetic 
model  of  chemical  reaction.  Ivanischeva  and  Stepanov  failed  to  observe  the  transition 
to  steady  radiation-driven  propagation  because  of  specific  (rather  weak  and  narrow) 
ignition  source.  Furthermore,  Rumanov,  Shkadinsky  and  others  introduced  a  thick 
source  and  computed  the  acceleration  regime  as  well  as  determined  the  negligible  role 
of  conductive  energy  transfer.  Recently,  Yuen  et  al.  made  a  similar  effort  and  claimed 
that  the  nonsteadiness  is  an  intrinsic  feature  of  such  flames. 

It  should  be  noted  that  the  aforementioned  “jumps”  with  nonmonotonic  evolution 
of  velocity  in  the  direction  of  propagation  were  computed,  with  different  explanations, 
by  all  these  authors. 

Thus,  we  can  conclude  that  flame  propagation  in  a  dusty  gas  is  a  more  complex 
problem  than  homogeneous  flame  propagation,  because  of  the  complexity  of  the  spatial 
scales  of  energy  transfer  spectra  and  especially  the  great  influence  of  the  instantly 
(spontaneously)  formed  burning  source.  However,  in  general  they  are  governed  by  the 
scaling  laws  discovered  about  60  years  ago  by  Ya.  Zel’dovich  and  0.  Todes. 
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THE  MODEL  OF  A  POROUS  COAL  CHAR  PARTICLE 

COMBUSTION 

V.  M.  Gremyachkin,  A.  N.  Buyanov 

Institute  for  Problems  in  Mechanics,  pr.  Vernadskogo,  101,  Moscow,  117526  Russia 

The  kinetic  data  of  coal  char  particles  combustion  [1-4]  obtained  in  different  ex¬ 
perimental  investigations  are  very  different  due  to  the  difference  in  both  experimental 
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procedures  and  data  analyses  employed.  The  methods  employed  in  the  analysis  of  ex¬ 
perimental  data  are  usually  based  on  the  simplest  models  disregarding  the  mechanism 
of  coal  char  particle  combustion  and  such  factors  as  radiative  heat  losses. 

A  model  of  combustion  of  coal  char  particles  must  include  the  equations  of  heat 
and  mass  transfer  in  the  gas  phase  and  into  the  porous  char  and  the  kinetics  of  both 
homogeneous  chemical  reactions  in  the  gas  phase  and  heterogeneous  reactions  in  the 
porous  coal  char.  The  equations  of  heat  and  mass  transfer  cm  be  written  in  the  form 
of  the  balance  of  atoms  involved  in  process  (carbon  and  oxygen)  and  heat  conservation, 
thus  eliminating  the  rates  of  homogeneous  chemical  reactions. 


(1) 

divE^^^O. 

(2) 

div^(Jj/ij  -t-  4)  =  -  lRS{r  -  ro). 

(3) 

Here,  mj  and  rij  are  the  numbers  of  carbon  and  oxygen  atoms  in  molecules 

of  molecular  mass  pj,  is  the  rate  of  carbon  consumption  in  heterogeneous  reactions, 
hj  and  he  are  the  enthalpies  of  gaseous  substances  and  solid  carbon,  4  is  the  radiative 
heat  flux  from  coal  char  surface,  Ij  =  mzj  -  pDgiadzj  and  4  =  -  AgradT  are  the 

diffusive  flux  of  substances  and  the  heat  flux,  respectively. 

We  also  consider  the  equations 

y  ]  -f  Z,n  —  1, 

(4) 

div  w  =  $^ , 

(5) 

m  =  -pATgradP. 

(6) 

The  latter  equation  is  the  Darcy  law,  which  relates  the  mass  flux  of  the  gas  to  the 
pressure  gradient  in  the  porous  coal  char. 

Equations  (1)  to  (6)  govern  flow  dynamics  and  heat  and  mass  transfer.  It  is  also  nec¬ 
essary  to  consider  the  chemical  processes.  The  rates  heterogeneous  chemical  reactions 
in  the  coal  char  can  be  written  as 


=  pSlUlizi  -  Zel)  +  ‘'/2{z2  -  2«2)]>  (7) 

where  71  and  72  are  the  rate  constants  of  chemical  reactions  of  coal  char  with  carbon 
dioxide  and  oxygen;  z,  and  Zg,  are  the  concentrations  and  the  equilibrium  concentrations 
of  gaseous  reactants;  S  is  the  interna)  suiface  of  coal  char. 

The  rates  of  homogeneous  reactions  are  generally  higher  than  the  rates  of  het¬ 
erogeneous  reactions.  The  homogeneous  reactions  can  be  assumed  to  proceed  in  the 
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difFuswn- controlled  regime,.[5]  if  the  size  of  coal  char  pcirticles  is  greater  than  a  few  mi¬ 
crons.  In  this  case,  the  gas  phase  is  in  chemical  equilibrium.  The  equations  of  chemical 
equihbrium  in  the  gas  phase  are  [6] 


p”*)'  p**i  ph 

io 


(8) 


where  Pj,  Pc  and  Pq  and  Ph  are  the  partial  pressures  of  gaseous  species,  carbon  vapor, 
oxygen  and  hydrogen  atoms,  respectively,  Kj  is  the  equilibrium  constants. 

The  boundary  conditions  in  environment  are  r  =  5,  T  =  To,  Zj  =  zj,  P  —  Pj,  and, 
at  the  center  of  coal  char  particle,  Ij  =  Ih  —  m  —  O. 

The  solution  of  tliis  task  allows  to  determine,  as  functions  of  composition,  ambi¬ 
ent  temperature  and  pressure,  intensity  of  heat  losses  by  radiation,  and  the  gas-flow 
pjarameter  S,  the  following  chciracteristics; 

(1)  the  rates  of  coal  char  combustion  and  gasifleation; 

(2)  the  distributions  of  temperature  and  concentrations  in  the  gas  phase  and  the 
porous  coal  char; 


(3)  the  distribution  of  pressure  in  porous  coal  char; 

(4)  the  temperature  of  coal  char  surface; 

(5)  the  composition  of  the  resulting  gaseous  products. 

The  example  of  temperature,  pressure  and  gaseous  species  distributions  in  the  gas 
phase  and  a  porous  coal  char  particle  of  size  2  •  10“'*  m  is  shown  in  Fig.  1.  In  this  case, 
the  particle  burns  out  in  the  absence  of  both  radiative  heat  losses  and  the  effect  of  gas 
flow. 

The  kinetic  parameters  of  heterogeneous  chemical  reactions  of  carbon  interaction 
with  carbon  dioxide  and  oxygen  were  taken  in  the  form  7i  =  760exp(-30214/T)  [7], 
72  =  1.11-10^  exp(-17614/r)  [4],  and  5  =  3.78-10”.  It  shcildbe  noted  that  the  kinetics 
of  chemical  reactions  of  carbon  with  carbon  dioxide  may  be  considered  as  determh'ed, 
but  the  kinetics  of  chemical  reaction  of  embon  with  oxygen  strongly  differs  in  different 
experiments.  An  analysis  of  experimental  data  based  on  this  theoretical  model  can 
help  to  elucidate  this  kinetics. 

Figure  1  shows  that  the  oxygen  is  consumed  almost  completely  in  the  gas-phase 
homogeneous  chemical  reaction  CO-i-02.  In  the  porous  coal  char,  the  reactions  C+CO2 
and  C-i-02  take  place.  However,  the  intensity  of  the  chemical  reaction  of  carbon  with 
oxygen  is  low  in  comparison  with  the  intensity  of  its  reaction  with  carton  dioxide.  As  a 
result,  the  pressure  in  the  porous  structure  of  coal  char  increases  up  to  18  atmosphere. 
The  kinetics  of  heterogeneous  chemical  reactions  in  the  porous  coal  char  also  depends 
on  temperature  and  pressure. 


t 
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Figure  1:  The  distributions  of  (I)  temperature  (T-IO"'*  K);  (2)  pressure  (P*  atm), 
and  relative  mass  concentrations  of  substances  (3)  zqq^,  (4)  ZQQt  and  (5)  zq^  in  the 
gas  phase  and  porous  coal  char  particle  along  the  dimensionless  coordinate  ^  =  r/P  for 
a  coal  char  particle  burning  at  To  =  1000  K,  P*  =  1  atm,  P^q  =  0.1  atm,  Pqq  =  0, 
Pq^  =  0.2  atm. 
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THE  UNSTEADY  REGIMES  OF  POWDER  COMBUSTION  IN 
THE,  ROCKET  CHAMBERS 

A.  G.  Istratov,  V.  N.  Marshakov,  G.  V.  Melik-Gaikazov 

'Xr  V  . 

Semenov  Insiitute  of  Cherhical~Physics,  Moscow,  Russia 


The  unsteady  combustion  of  powder  in  a  combustion  chamber  occurs  if  the  pressure 
varies  over  times  compcirable  to  the  relaxation  time  of.thesheated  layer  of  burning  pow¬ 
der.  In  small  engines  with  short  combustor  emptying  time,  the  possibility  of  tmsteady 
combustion  allows  for  the  instability  of  steady  combustion  below  the  limit  determined 
by  the  ratio  of  the  chciractefistic  relaxation  times  of  the  chamber  and  the  powder,  which 
is  called  “apparatus  constant”  or  stability  criterion  x- 

In  this  work  the  powder  combustion  was  experimentally  investigated  under  con¬ 
ditions  close  to  this  limit  as  well -as  in  transitional  regimes  when  the  pressure  in  the 
chamber  vfiried  due  tq.the  sharp  increase  in  the-nozzle  critical  section  area. 

The.engine  model  load  usejl  for  this  study  was  a  set  of  pipes  with  their  ends  inserted 
into  the  engine  bottom  (so  called  “brush”  load).  This  load  provides  a  large  area  of 
combustion  surface  in  a  small  volume  and  relatively  high  pressures  near  the  stability 
limits  to  preclude  extinction  of  powder  at  low  pressures.  Aho,  the  powder  pipes  are  long 
enough  for  eroMve  combustion’ to  appear.  This  shape  of  the  load  makes  it  possible  to 
independently  vary  the  conditions  leading  to  erosive  combustion,  the  pipe  length/inner 
diameter  ratio  (Pobedonostsev  criterion,  11)  and  the  ratio  .if  the  combustion  surface  to 
the  nozzle  critical  section  area  which  determines  the  pressure  in  the  engine.  The  value 
of  Pobedonostsev  criterion  reached  180. 

At  the  initial  time,  the  engiiie  nozzle  was  closed  by  a  meted  merribrane,  which  broke 
at  the  presssire  close  to  that  of  the  steady  regiirie. 

The  cbrhbustion  characteristics  and  pressure  histories  differed,  depending  on  the 
apparatus  constant  x  and  Pobedonostsev  criterion  11. 

At  X  >  2,  the  powder  burns  up  and  there  are  regions  in  the  pressure  histories  which 
correspond  to  the  steady  regime.  However,  there  are  peaks  in  the  pressure  history 
characterized  by  pressures  higher  than  the  steady  level.  The  peak  amplitude  does  not 
corrMate  with  the  value  of  Pobedonostsev  criterion. 

These  peaks  may  be  due  to  the  acoustic  oscillations  in  the  combustor.  They  are  not 
visible  in  the  pressure  history  and  require  high-frequency  recording.  It  has  -been  found 
that  the  initial  conditions  for  the  longitudinal  acoustic  waves  in  the  engine  are  close 
to  those  determining  the  stability  limit  in  terms  of  the- parameter  x-  The  shape  of  the 
extinction  surface  was  different  along  the  pipes,  while  the  shape  pattern  corresponded 
to  the  acoustic  mode  of  oscillations.  We  cannot  rule  out  the  possibility 'that  the  peaks 
result  from  non-acoustic  oscillations  of  combustion  rate,  related  to  the  possibility  of 
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Figure  1:'  Combustion-fates  vefsiis  pressure  for  double-base  powder:  1  —  steady  state 
with  pressure  exponent  v  =  0.ij4;  2,  3  —  nonsteady  combustion  rates  calculated  from 
pressure  histories  for  nlodei  engine  with  nonsteady  pressure  exceeding  predicted  steady- 
state  value  (2)  and' close  to  it,  with  u  c-  0.9  ('3). 


nonsteady  oscillatory  combustion.  Moreover,  the  membrane  breakage  at  the  initial 
time  of  engine  operation  gives  rise  to  major  distm-bances  capable  of  initiating  the  auto¬ 
oscillations. 

For  short  loads  (11  <  50),  extinction  was  observed  at  x  <  2. 

For  long  loads  (11  >  50),  the  combustion  regimes  were  observed  with  pressixres 
signiii'is^iiy  lower  than  those  characteristic  of  the  steady  regime.  It  is  logical  to  relate 
the  exphuiation  of  the  low  pressure  levels  to  the  acoustic  oscillations,  so  that  different 
pmts  of  the  load;  burn,  at  different  rates,  and  the  average,  load  combustion  rate  is  lower 
than  the  steady-state  value.  The  load, always  extincts  at  x  <  0.5. 

,  The  combustion  rate  was  calculated  using  the  pressure  histories  and  the  equation  of 
mass  balance.  Its  dependence  pressure  is  stronger  than  the  respective  steady-state 
value.  We  obtained  similar  results  for  regimes  with  the  pressure  peak  (see  Fig.  1).  The 
stronger  dependence  of  the  combustion  rate  on  pressixre  is  typical  for  nonsteady  powder 
combustion  regimes.. 

The  engine  employed  jn  the  study  of  the  transition  regimes  had  two  opposite  nozzles 
and  a  single,  thick- wall  channel  load. 

For  this  engine,  the  steady  regime  was  obtained  at  x  >  0.84,  With  a  further  increase 
of  the  nozzle  area  (x  <  0,4),  combustion  ceased  immediately  after  the  ignition. 

The  transition  regim'’  was  obtained  in  this  engine,  by  opening  the  second  nozzle 
after  the  steady  regime  had  established  at  the  first  nozzle.  After  the  opening  of  the 
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second  nozzle,  the  steady  regime  with  the  lower  pressure  level  occurred  at  x  ^  1-16. 
An  increase  in  the  s|rohd'nozzle  Mealed?  to' a  pressure  decrease  down  to  atmospheric 
and  to  extinction  of;the.loadi  '&  these  cases,  the  maximum  x  was  equal  to  0.7.  Thus, 
the  critical  value  Xcri  is  yiritkin  O.t  <  XcS-  ^  l-l®- 

The  investigatioris^f  the  poWder  coinbustibn  ihithe  engine  close  to  the  limit  of  its 
stable  operation  haveirevealed.sa"wide  variety  of  phenomena,  which  affect  the  pressure 
level,  the  steadiness  of  engine  operation  and  the  possibility  of  powder  extinction. 


INVESTIGATION  OF  THE  eATALYTIC  HETEROGENEOUS 
IGNITION  AND  THE  AUTOTHERMAL  BEHAVIOR  OF 

HYDROCARBONS  AND  ALTERNATIVE  FUELS  IN  THE  AIR 

J.  Jarosinski,  R.  Lapucha,  J.  Mazurkiewicz,  M.  Szrajer 

Institute  of  Aviation 

Al.Krdkowska  110/114,  02-256  Warsaw,  Poland 

The  experimental  results  presented  in  {l-4j.show  that  flow  of  a  gaseo’.is  air-fuel 
mixture  over  a  heated  catalyst  surface  changes  its  temperature  not  only  because  of 
external  energy  supply  but  also  as  a, result  of  heterogeneous  chemical  reaction  between 
fuel  and, oxygen  on  the  surface. 

Two  kinds  of  characteristic  functioni:  of  catalyst  surface  temperature  can  be  ob¬ 
served  (3,  4]: 


i 


•  S-shaped  curve; 

•  S-shaped  curve  with  jump-like  change. 

An  anedysis  of  the  above  S-curves  reveals  three  characteristic  points: 

•  the  local  maximxun  of  power,  referred  to  as  the  heterogeneous  ignition  tempera¬ 
ture  tar, 

•  the  local  minimiun  of  power,  referred  to  as  heterogeneous  extinction  temperature 
iHE\ 

•  the  jump-like  change  in  the  autothermal  temperature  Iat. 
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Figure  1:  Temperature  of  the  catalyst  versus  excess  air  coefficient  a  for  technical 
methane;  pellet  Pt/MgO;  temperature  9f  the  fuel-air  mixture:  +  too  =  115-125  °C;  * 
too  =  i65-185  ‘’C.  , 


Knowing  the  results  of  a  sufficient  number  of  measurements,  we  can  draw  a  bifur* 
cation  diagram  for  the  catalyst  temperature  versus  the  excess  air  coefficient  a  or  the 
comparative  coefficient  =  1/ot  +  1  (3]. 

In  order  to  determine  catalyst  temperature  relationships  for  the  hydrocarbon  gases 
and  the  vapors  of  liquid  fuels  in  mixtures  with  air,  a  special  test  stand  was  built  [4]. 
The  experimental  setup  consisted  of  a  test  chamber  20  mm  in  diameter  and  1200  mm 
long  with  two  heating  sections  and  a  temperature  regulator  in  each  section.  A  catalytic 
probe  in  the  form  of  a  pellet  about  0.5  him  in  dianfieter  was  fixed  on  a  platinum  wire 
stretched  between  two  small  posts  on  the  axis  of  the  chamber  just  before  the  outlet  .  The 
pellet  made  of  magnesium  oxide  is  covered  with  a  thin  layer  of  the  catalyst.  Technical 
methane  and  the  vapors  of  unleaded  gasoline,  diesel  oil,  ethyl  alcohol  and  rape  oil  ester 
ai  mixtures  with  mr  were  investigated.  Figures  1  to  3  present  bifurcation  diagrams 
of  the  catalyst  temperature  for  the  technical  methane  and  the  vapor  of  the  unleaded 
gasoline  and  ethyl  alcohol. 

The  test  results  in  the  following: 

1.  The  maximum  value  of  the  autothermal  temperature  for  mixtures  of  technical 
methane  and  the  vapors  of  imleaded  gasoline,  diesel  oil  and  rape  oil  with  air  occurs 
in  the  fuel-rich  region  adjacent  to  the  stoichiometric  mixture  for  CO  production. 

2.  The  maximum  value  of  the  autothermai  temperature  for  mixtmes  of  ethyl  alcohol 
with  air  occurs  in  the  vicinity  of  the  stoicliiometric  mixture  for  CO2  production. 

3.  The  lean  limit  of  the  autothermeJ  temperature  for  mixtures  of  the  vapor  of  liquid 
fuels  with  air  is  leaner  than  the  lower  flammability  limit  at  the  ambient  tern- 


f 


1 


ZELJDQyieH  MEMQiy;^^ 


Figure  2:  Temperature  of  the  catalyst 
versus  excess  air  coefficient  a  for  un¬ 
leaded  gasoline;  pellet  Pt/MgO;  tem¬ 
perature  of  the  fuel-air  mixture;  o 
too  =  250  '■C;  A  too  =  280  °C. 
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Figure  3:  Temperature  of  the  catalyst 
versus  excess  air  coefficient  a  for  ethyl 
alcohol;  pellet  Pt/MgO;  temperature 
of  the  fuel-air  mixture;  o  too  —  200 
“C;  +  too  =  320  °C. 


f 


peratme.  This  is  probably  due  to  the  preheating  of  fuel  up  to  the  evaporation 
temperature. 

i 

'  E 

4.  The  lean  limit  of  the  autothermal  temperature  for  the  gaseous  hydrocarbons  is  { 

richer  than  the  lower  flammability  limit  at  the  ambient  temperature.  I 


5.  Iiicreasing  preheating  of  the  fuel-air  mixtures  expands  the  autothermal  lean  re¬ 
gion  and  increases  the  autothermal  temperature. 


6.  The  temperature  of  fuel-air  mixture  or  the  catalyst  temperature  must  exceed  the 
temperature  of  heterogeneous  ignition  (by  a  certain  value  for  a  given  fuel),  so 
(hat  the  catalyst  surface  temperature  could  jump  to  autothermal  temperatures. 


I 


I 


7.  For  a  flow  of  the  mixture  of  vapors  of  unleaded  gasoline  with  air  and  vapors  of 
ethyl  alcohol  with  air  over  the  catalyst  (Pt/MgO),  direct  transition  is  possible 
from  Heterogeneous  ignition  on  the  catalyst  surface  to  homogeneous  ignition  of 
mixture  near  the  catalyst  if  mixture  composition  is  with  the  range  of  a  =  0.8-1.25. 

The  test  results  presented  in  this  paper  may  serve  as  a  basis  for  studies  or  a  catalytic 
precheimber  for  a  lean-burn  internal  combustion  engine  ’mder  conditions  of  a  higher 
compression  ratio. 


}. 
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BURNING  CHARACTERISTICS  AND  IGNITION  DELAY  OF 
THE  WASTE  TIRE  CHIPS  IN  HIGH-TEMPERATURE 
ENVIRONMENTS 

Jongsoo  Jurng,  Eun-Sung  Park,  Jong  Won  Park,  Gyo  Woo  Lee 

Division  of  Mechanical  Engineering 
Korea  InstiHie  of  Science  and  Technology,  Korea 

Recently,  with  the  number  of  cars  in  Korea  rapidly  increasing,  the  issue  of  waste 
car  tire  treatment  has  been  raised  as  a  new  problem.  There  are  largely  three  categories 
of  technology  for  waste  tire:  raw  tire  itself,  retreatment,  and  the  thermal  euergy  of 
waste  tires.  Burning  and  using  the  thermal  energy  of  waste  tires  has  been  highlighted 
because  other  methods  lack  the  capability  for  large  consumption.  The  direct  burning 
of  waste  tires  as  a  secondciry  fuel  in  energy-consuming  industries,  for  example,  cement 
kilns  has  tinned  out  to  be  an  economically  viable  method. 

One  of  the  major  problems  with  the  utilization  waste  tire  in  cement  kilns  will  be  the 
effect  of  tire  burning  on  kihi  emission.  The  combustion  characteristics  of  tire  materials 
in  cement  kilns  are  also  very  irnportant  for  the  design  of  the  tire-burning  system. 
Chemical  reactions  in  cement  kilns  are  very  complicated  and  the  quality  of  limestone 
used  in  Korea  is  known  to  be  not  as  good  as  that  in  foreign  cement  companies.  This 
should  make  it  difficult  to  burn  waste  tires  without  further  detailed  research. 

Experiments  were  carried  out  to  investigate  the  burning  characteristics  of  waste 
tires  in  high  temperature  environments.  The  main  purpose  of  this  research  was  not 
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only  to  design  the. supply. system  of  waste  tires  Ao.thehiln,  but  ^so  to.investigate  what 
happens  .tp„ the  tires, .when  they  are  thrown  into  the.hot  low-oxygen  environment  inside 
the  kiln. 

In  the  experiments,  the-flame  structure  and,  the  combustion  reactions  involved  in 
waste  tire  burning  were  mainly  investigated.  A  cermnic  matrix  combustor  simul  ating 
the  conditions  of  waste  tire  burning  in  the  cement  kiln,  for  example  the  average  tem¬ 
perature  of  1100  “C  and  the  .oxygen  content  of  1-2%,  wa:s  used.  Commercial  grade 
propeine  was  used  as  the  fuel  for  the  burner.  The  diameter  of  the  combustor  was  90 
mm,  and  the  typiced  size  of  the  tire  chips  in  the  experiments  was  10  x  10  X  3  mm.  The 
size  ratio  of  a  tire  chip  to  the  combustor  is  approximately  1  to  10  which  is  similar  to 
that  of  a  whole  tire  to  the  real  kiln. 

The  burning  of  waste  -tire  chips  includes  four  stages:  evaporation  of  volatile  sub¬ 
stances,  ignition,  burning  of  the  volatile  substances,  and  burning  of  solid  carbon. 

The  experiments  have  shown  that  the'total  burning  time  of  Waste  tire  chips  depends 
on  the  temperature  of  the  environment  and  the  initial  weight  of  the  chip.  However, 
the  ignition  delay  for  tire  chips  depends  not  only  on  the  temperature  but  also  on  the 
oxygen  content  in  the  environment.  When  the  radiative  heat  transfer  to  the  ceramic 
radiation  shield  increases,  the  burning  time  of  the  waste  tire  chips  becomes  shorter. 
This  is.  mainly  due  to  the  increase  in  the  radiative  heat  transfer  to  the  tire  chips  from 
the  ceramic  burner  plate  and  also  the  decrease  in  the  radiation  loss  from  the  flame. 


SPHERICAL  WAVES  OF  FILTRATIONAL  GAS  COMBUSTION 
N.  A.  Kakutkina,  I.  V.  Borovykh,  Yu.  M.  Laevskii,  V.  S.  Babkin 

Insiituie  of  Chemical  Kinetics  k  Combustion,  Computer  Cent  r  SB  RAS,  Novosibirsk, 

630090  Russia 


The  laws  of  flltrational  gas  combustion  (FGC)  have  been  considered  in  [1],  and 
the  essential  role  of  interfacial  heat  exchange  has  been  shown.  In  addition  to  the 
parameters  of  porous  medium  and  premixed  gas,  the  gas  filtration  velocity  (uo)  is  a  key 
parameter  controlling  combustion  wave  characteristics,  such  as  propagation  direction, 
wave  velocity,  thermal  wave  structure  and  equilibrium  temperature.  A  typical  FGC 
wave  propagates  in  a  steady  gas  flow  in  a  tube  of  constant  cross  section  at  a  velocity  of 
gas  filcration  independent  of  the  coordinate,  which  defines  the  steady-state  regime  of 
wave  propagation.  In  a  spherical  FGC  wave,  with  a  steady  gas  flow  rate  (Go),  filtration 
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velocity  varies  with  the  wave  coordinate.  Thus,  new  phenomena  can  be  expected  to 
occur.  Consider  the  set  of  one- dimensional  equations  for  a  spherical  FGC  wave: 

d6.  1  '5  “o>S'c  /m 


ctpt 


dT 

dt 


dr  / 


m 


1  d 


--(cTPTvr^T)  +  QpTW{v,n 


(1) 


dT)  1  a  /  2  „ar 


)-^-l;{^^pTvv)-PTW{n,n 


dt  r^dr^  ’ 

Here,  0  and  T  are  the  temperatures  of  inert  porous  medium  and  gas,  r}  is  the  relative 
mass  concentration  of  the  deficient  reactant,  v  is  the  filtration  velocity,  p$  and  PT  are 
the  densities  of  inert  medium  and  gas,  A«  and  Xp  are  their  heat  conductivities,  D  is  the 
diffusivity,  m  is  the  porosity,  ao  is  the  heat  exchange  coefficient.  Sc  is  the  specific  area 
of  porous  medimn,  Q  is  the  heat  release  and  W{r),T)  is  the  rate  of  chemical  reaction: 


ty(T?,T)  =  fco»?exp^-^)  , 


where  E  is  the  activation  energy,  R  is  the  universal  gas  constant,  fco  is  the  preexponen¬ 
tial  factor.  For  the  diverging  gas  flow,  the  boundary  conditions  are 

r  =  0  :  9  =  T  =  To,  =  1; 


r  —  00 


.2^  _  .2  W 


r'-s—  =  0,  7/  =  0. 


dr  dr 

We  will  consider  the  steady-state  regimes  for  a  static  combustion  wave  and  deter¬ 
mine  static  wave  characteristics  in  the  case  of  strong  interfacial  thermal  interaction, 
which  corresponds  to  the  low-velocity  regime  (LVR)  [1]  with  Ay  =  0  and  D  =  0. 
Substituting  these  into  Eqs.  (1)  and  rearranging  gives  a  set  of  steady-state  equations: 


-~  +  -^(T  -0)-  ^W{v,T)  =  0, 
PT  dr  mcTPT  cj- 

~~^  +  W{v,T)  =  0. 

PT  f  *  dr 


(2) 
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Here,  G  =  const  =  •It^was  additionaily'assumed'that  ao  =  oo.  Let  the  narrow 

zone  of  chemical  reactidiT'be  located  at  r  =  r*.  T}hen*1the  preheat  zone  is  at  r  <  r*, 
and  the  heat  relaxation  zpneds  at  r  >  r*.  Solving  Eijs.  (2)  with  boundary  conditions, 
we  obtain  the  temperature^distributioh 


r  =  To+(iT*-ro)exp 

iji  _  iji* 

d  =  T 


'' m  ctG  /I .  ^  Y ? 

1  -  m  \r  r*  J\i 


at  r  <  r*, 

at  r  >  r*, 
at  any  r. 


T*  is  the  adiabatic  flame -temperature  for  ^premixed  combus  tion.  Using  the  method  of 
matching  [2]  for  the  chemical  reaction  zone,  we  obtain  the  relationship  for  r*: 


qTq  (  l\r*< 

Wr  [-j) 


(3) 


where  is  the  gas  mixture  density  at  the  initial  temperature, 

iZT*  T*-Tq  ■  m  ctG 

/?  -  ,  3  -  O'  2^21.  •  “  1  -  m  Ae  ’ 

An  analysis  shows  that  a  unique  real  positive  r*  value  satisfying  Eq.  (3)  exists  for  any 
set  of  realistic  parameter  values,  implying  that  a  spherical  FGC  wave  in  a  diverging 
gas  flow  will  move  to  the  coordinate  r  =  r*  no  matter  what  the  coordinate  of  wave 
initiation  is.  It  follows  from  Eq.  (3)  that  r*  increases  with  increasing  gas  flow  rate  G 
and  decreasing  reactivity  of  the  gas  mixture. 

To  validate  the  theoretical  conclusions,  spherical  FGC  waves  were  initiated  in  a 
steel  frustum  of  a  cone,  filled  by  porous  material.  The  bottom  diameter  of  the  vertical 
cone  was  2  cm,  its  height  was  40  cm,  and  cone  angle  was  14°.  The  cone  was  filled  with 
SiC  grains  of  mean  size  d  =  3  mm  and  porosity  m  =  0.5.  Combustible  hydrogen-air 
mixture  was  fed  through  the  bottom  (narrow)  cone  end  and  ignited  at  its  top  end. 

A  combustion  wave  initiated  at  the  top  of  the  cone  propagated  through  the  porous 
medium  with  gradually  decreasing  velocity  and  stopped  at  a  certain  r  =  r*,  depending 
on  the  gas  mixture  composition  and  flow  rate.  The  attempts  to  reach  the  same  equilib¬ 
rium  position  in  a  downstream  direction,  as  the  theory  predicts,  failed.  This  is  due  to 
two  reasons.  First,  the  downstream  EGO  wave  is  not  stable,  and  normally  breaks  down 
before  reaching  the  equilibrium  position.  Secondly,  downstream  wave  propagation  is 
harhpered  by  the  influence  of  the  metal  walls  of  the  cone. 

The  measured  value  of  r*  increases  with  gas  flow  rate,  as  predicted  by  the  theory 
(Fig.  1).  Quantitative  discrepancy  between  the  predicted  and  measured  r*  values  is 
due  to  the  modeling  assumption  of  infinite  rate  of  heat  exchange. 

The  research  described  in  this  publication  was  supported  in  part  by  Grant  No.CH3- 
7540-0925  from  the  International  Science  Foundation. 
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Figxire  1;  Predicted  (curves)  and  measured  (points)  r*  veilues  vs  gas  flow  rate.  Gas 
mixtures:  1  —  10%  H2+  air,  2,  3  —  15%,  4  —  16%. 
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A  STOCHASTIC  MODEL  FOR  MULTI-STAGE 
HETEROGENEOUS  COMBUSTION 

B.  M.  Khusid*,  B.  B.  Khina*,  E.  P.  Podvoiski‘,  I.  S.  Chebotkot 
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The  stochasticity  of  chemical  reactions,  associated  with  nonuniformities  of  physical 
and  chemical  properties  of  reactants  is  inherent,  in  the  combustion  of  condensed  het¬ 
erogeneous  systems.  In  particular,  it  has  a  pronounced  effect  on  tmstable  regimes  of 
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combustion- di’iven  synthesis,  or  the  so-called  self-propagating^  high-temperature  syn¬ 
thesis  (SHS)  of  refractory  compounds  and  composite  materids,,because  in  the  reaction 
zone  of  SHS  wave,  which  has  a  width  of  1-100  fim.  only  d  sm^  h^b|r-6f  solid  particles 
can  react  simultaneously.  Reactions  in  SHS  waves  are  of  complex  multi-stage  nature. 
In  this  work,  a  stpchastic.  model  of,  combustion  iri,gasless  systemsds  developed  for  the 

catf.qf  multi-stage;fie,action'i4o --^a’4|v^\42 

,  -^'t\yo-^merision^degioh  is  assumed  tqxonsistfofrsqu^^  with^the  side  h;  each 
ceiiv1s;,xhaf4ct.erized5bj^.’t^^^  randqm^'teMperatuie.'  state  j].  /The  latter  can  take 
ohicl^'d/’h^values  Sfqm:04(ihitiai)  tp;'iA/,(M£j).  Dming  a/sliqrt  timelhtefyal  r,,  the  cell 
*cam'cundergp  .only'qne/tf^sforraatiqn'(fr6m  the  i-thA^  +  i-th  state).  At  small  r,  the 
transformation  prqb'abiUty>is  proportipri^^  to  f:  pc=,p{r,'i)  =  rl;i4.i.exp[-E,-+i/(Er)]. 
At ‘the;h‘-fr  1-th' time  stepi  the  temjperature  of  the •ceU  with  coordinates  {k,l)  is  deter- 
mined’bythe  heat 'release  due  to  reaction  in  this  cell  and  conductive  heat  transfer  from 
the  neighboring  cells: 

dT 

6{k, l,n  +  l)  =  6{k, I,  n)  +  S0{k, /, n  +  1)  +  -j^l^ik  -  1,  /, n)-f 

0{k  -1-  Ij/.n)  -I-  6{k,l-  l,n)  -b  ^{1:,/  +  l,n)  -  4^(1?,/,  n), 

Sd{k,l,n  -f- 1)  =  qi[iiikj,n  +  1)  -  ij{k,l,n)],  i  =  r}{kj,n  +  1), 
with  the  probability  of  cell  transformation 

Pt,  =  exp  »  i-r}{k,lyn  +  l),  pm  =  0. 

Here,  0  =  {T  -  To)ITt,  qi  =  Qil{pcT,),  and  =  To/T„  where  To  is  the  initial  temper¬ 
ature  and  Tt  is  the  temperature  scale.  This  model  extends  the  previously  developed 
one  (1)  to  the  case  of  sequential  reactions  in  the  SHS  wave.  An  analysis  has  shown  that 
the  stochastic  model  reduces  to  the  deterministic  one  [2],  if  we  neglect  the  correlation 
between  r}{k,l,n)  and  0{k,l,n).  The  latter  is  responsible  for  the  continuous  generation 
of  two-dimensiond  perturbations,  which  results  in  spontaneous  development  of  spin 
combustion  and  chaotic  regimes  in  the  respective  ranges  of  dimensionless  parameters 
13  =  RTa/E  and  7  =  pcRT^I{EQ),  where  Ta  =  Q/{pc)  +  To,  as  was  demonstrated  for 
a  one-stage  reaction  [1]. 

Computer  simulation  was  performed  for  the  two-stage  reaction  Ao  Ai  -»  Aj 
for  three  typical  cases  (2,  3]:  (1)  the  so-called  “separation  regime”  {0  <  (te  <  4>i 
where  <te  =  Eil{Ei  -b  E2},  <t>  =  {o^q  +  <r)/(l  -b  <r<j  +  2cr),  aq  =  Q\I{Q\  -b  Q2))  and 
a  =  pcTofiQi  -b  Q2)))  in  which  the  reaction  waves  are  independent  and  the  SHS  is 
controlled  by  the  first  reactions;  (2)  the  “control  regime”  {(p  <  as  <  0.5),  where  the 
first  reaction  has  the  lower  activation  energy,  and  the  heat  release  is  controlled  by  the 
heat  flux  from  th''  second  reaction  front,  and  (3)  the  “merged  regime"  (0.5  <«?£<!) 
when  the  reaction  fronts  nearly  coincide. 
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(b) 
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Figure  1:  Developed  cylinder  with  the  maps  of  state  (a)  and  dimensionless  temperature 
(fa)  for  the  "separation  regime”  with  (tq  =  0.533,  (te  =  0.14,  au  =  k\l{k\  +  k2)  = 
1.75 -10-®  (0  <  (T^;  <  ^  =  0.37). 


The  characteristics  of  stable  combustion  (the  wave  velocity,  the  temperature  field, 
and  the  degree  of  conversion)  are  similar  in  the  stochastic  and  deterministic  models. 
The  effects  due  to  stochasticity  are  very  conspicuous  under  the  conditions  of  plane  wave 
front  instabilities.  In  these  cases,  the  stochastic  model  demonstrates  diverse  patterns 
of  dynamic  behavior,  e.g.,  spinning  combustion  or  chaotization  of  reaction  fronts. 

In  the  “separation  regime”,  the  reaction  waves  demonstrate  various  dynamic  behav¬ 
iors.  For  example,  either  one  of  the  combustion  waves  is  plane  and  the  other  propagates 
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in  the  spin  mode  (see  Fig.  1  which  shows  a  development  of  a  cylinder  with  the  maps 
of  tenaperature  juid  state  at  a  ntraber  of  dimensionless  times  St),  or  both  exhibit  spin¬ 
ning  combustion.  In  the,  “control  regime”, .the  patterns  of.SHS  wave  dynamic  behavior 
are  rather  complex  and  diversifiedi.  This  is  due  to  the  existence  of  the  heat  flux  from 
the  zone  of  the  second  reaction  to  the  'first  reaction  front,  on*  the  one  hand,  and  the 
possibility  of  occasional  formation  of  the  final  product  at  certain  locations  ahead  of  the 
second  reaction  front,  on  the  other  hand.  In  the  “merged  regime”,  when  the  reaction 
fronts  nearly  coincide,  the  SHS  wave  of  a  two-stage  reaction  behaves  as  a  one-stage 
reaction  wave. 

The  results  obtained  within  the  framework  of  the  stochastic  model  qualitatively 
agree  with  experimental  data  for  a  number  of  SHS  reactions  [4,  5]. 
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DIFFUSION  flame  PROPAGATION  IN  AN  INERT  POROUS 
MEDIUM  WETTED  WITH  FUEL 

A,  A.  Korzhavin,  V.  A.  Bunev,  V.  S.  Babkin 

Institute  of  Chemical  Kinetics  &  Combustion,  Novosibirsk,  Russia 

The  scientific  interest  in  the  problem  of  propagation  of  combustion  waves  in  porous 
media  wetted  with  fuel  is  due  to  the  fact  that  the  propagation  mechanism  of  these 
waves  involves  coupling  between  chemical  reaction  and  mixing  processes.  It  has  been 
shown  in  [1]  that  in  an  inert  porous  medium  with  liquid  hydrocarbon  fuel  films  on  its 
surface  and  a  gas-phase  oxidizer,  chemical  reaction  waves  can  propagate  in  detonation 
(400-1200  m/s)  and  subsonic  regimes  (80-300  m/s).  It  was  concluded  that  under  such 
conditions  combustion  regimes  with  lower  \elocities  do  not  exist.  In  this  paper,  we 
present  the  ''v.^jerimental  data  demonstrating  that  steady-state  combustion  waves  can 
propagate  in  porous  medium  wetted  with  fuel  at  4-10  cm/s. 

The  experiments  were  ceirried  out  in  a  closed  vertical  steel  tube  of  cross  section  48 
nam  x  48  mm  and  height  2  m  filled  with  a  porous  medium  of  density  36.5  kg/m®  wetted 
with  n-octane.  The  porous  medium  consisted  of  stacked  separate  elements  48  x  48  mm® 
in  cross-sectional  dimensions  and  0.085  mm  in  thickness  each,  produced  by  stretching 
aluminum  foil  cuts. 

Prior  to  a  run,  the  tube  was  filled  with  the  fuel  and  thermostatted.  Then  the  fuel 
was  discharged,  the  tube  was  filled  with  air  to  certain  pressure,  and  closed.  Ignition 
was  provided  by  an  electric  discharge  pulse  heating  a  fuel-wetted  wire  spiral  in  a  free 
space  at  the  top  of  the  tube.  Flame  propagation  velocities  were  measured  by  an  array  of 
photodiodes.  Pressure  rise  was  recorded  by  a  tensimeter-type  transducer.  Experiments 
have  shown  that,  after  an  initial  period,  the  flame  propagates  steadily.  The  r.m.s 
deviation  of  velocity  from  its  mean  value  was  6-10%. 

Under  thermodynamic  equilibrimn,  the  correlation  between  the  initial  pressure  and 
gas  composition  is  consistent  with  the  temperature-dependent  vapor  pressure  of  liquid 
fuel.  In  our  experiments,  the  thermodynamic  temperature  of  the  system  was  maintained 
at  27  °C.  Figure  1  shows  flammability  limits  under  different  conditions.  Line  A  is  a 
hyperbola  corresponding  to  the  saturated  vapor  condition  of  the  fuel  shown  in  the  fuel 
concentration  (c,  %  vol.)  —  initial  pressure  coordinates.  The  closed  circles  pertain  to 
the  flammability  region  and  the  open  circles  represent  nonflammable  conditions.  Line  B 
is  deduced  from  the  experimental  fleimmability  line  for  propane-air  flames  in  this  porous 
medium  using  the  assumption  of  identical  flammability  conditions  fof  n-octane-air  and 
propane-air  flames.  Line  C  is  Ihe  lean  flammability  limit  for  n-octane~air  flames  in  a 
free  space  [2]. 

It  is  evident  that  there  are  two  combustion  regimes  in  the  porous  medium.  The 
one  known  as  the  high-volocity  legime  (HVR)  (3]  occurs  in  the  initial  pressure  range  of 
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Figure  1:  Flammability  regions  in  the  porous  medium  wetted  with  n-octane. 


0.08-0.17  MPa  and  the  previously  unknown  low- velocity  regime  in  the  range  of  0.17-0.5 
MPa.  The  latter  exists  not  only  outside  the  HVR  flammability  limits  [P  >  0.17  MPa), 
but  also  beyond  lean  flammability  limit  observed  in  a  free  space  (c  =  0.9%)  down  to 
c  =  0.43%.  In  this  regime,  flame  propagation  velocities  are  by  one  or  two  orders  of 
magnitude  lower  than  in  HVR  and  range  from  4  to  10  cm/s.  The  dependence  of  flame 
propagation  velocity  on  initial  pressiu-e  is  weak  and  tends  to  decrease  with  increasing 
initial  pressure.  Based  on  this  tendency,  one  can  speculate  that  an  upper  pressure  linut 
P*  may  exist.  However,  its  occurrence  remains  an  open  question,  because  the  observed 
“limit”  (P’  =  0.5  MPa)  may  be  due  not  to  the  criticality  conditions,  but,  rather  to 
ignition  problems. 

The  fact  that  the  regime  imder  consideration  is  observed  in  the  parametric  region 
that  rules  out  the  possibility  of  premixed  gas  combustion  suggests  that  the  gaseous 
mixture  is  formed  during  combustion  as  a  result  of  evaporation  of  the  liquid  fuel  and 
its  mixing  with  air  in  the  flame  zone.  This  is  a  principal  distinction  of  this  regime 
as  compared  to  the  conventional  filtrational  combustion  of  homogeneous  gas  mixtures. 
However,  in  contrast  to  the  regimes  analyzed  in  (1],  when  the  strong  hydrodynamic 
interaction  of  a  high-speed  flow  with  fuel  fUms  and  droplets  is  essential,  the  evaporative 
diffusive  low-velocity  regime  (EDLVR)  under  consideration  does  not  necessarily  involve 
such  an  interaction.  It  is  due  to  the  fact  that  heat  release  under  the  EDLVR  conditions 
is  sufficient  not  only  for  evaporation  of  the  amount  of  fuel  required  for  combustion,  but 
also  for  the  heating  of  the  porous  medium,  owing  to  its  low  specific  heat. 

The  coupling  between  the  mixing  and  chemical  reaction  is  responsible  not  only  for 
the  existence  of  EDLVR,  but  also  for  the  mechanism  of  flame  velocity  stabilization. 
Increasing  the  flame  velocity  suppresses  fuel  evaporation  in  the  flame  zone,  lowers  its 
concentration  in  the  gas  phase  and  hence  the  flame  velocity.  Conversely,  decreasing  the 
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velocity  extends  the  disposable  time  for  evaporation,  increases  the  concentration 
of  fuel  vapor  emd  results  in  increased  flaihe  velocity.  There  is  an  indirect  evidence 
corroborating  this  conclusion.  At  high  flame  velocitiesiin  HVR  under  the  conditions 
of  large  excess  of  liquid  fuel  (30  kg/m^),  evap6ration  -in  the  flame  zone  has  little  or 
no  effect  on  flame  Velocity  (the  flame  velocity  maximmn  is  close  to  that  expected  for 
the  homogeneous  n-octane-air  mixture)  or  the  rich  limit  observed  at  relatively  high 
velocity  (0.6  m/s). 

The  authors  wish  to  thank  the  Russian  Foundation  for  Fundamental  Research  for 
the  financial  support  of  this  research.  (Grant  N6.93-  03-18508). 
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HETEROGENEOUS  REACTIONS  AND  THE  DYNAMIC  S  OF 

THIN  SURFACE  FILMS 
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For  a  variety  of  heterogeneous  processes,  condensed-phase  surface  layers  are  found 
to  play  an  important  roic.  Examples  include: 

•  layer  formation  by  chemical  vapv  or  deposition  (CVD), 

#  formation  of  surface  deposits  covering  the  walls  or  combustion  machinery  of  heat 
exchangers, 
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•  surface  layers  covering  condensed-phase -feactahts,  with  layers  either  consisting 
of  reaction  products  as  in*  the  case  of  metalior  boron  combustion,  or  consisting 
of  impurities‘which'=build'up  on  the  fraction  surface  while  it  regresses  during  the 
reaction,  as  it  bfteh  fduhd'  in  the  case  of  coat  combustion, 

•  fouling  of  catalytic  surfaces. 

In  each  of  these  examples,  the  surface  of  a  condensed-phase  body  represents  the 
site  of  a  reaction  while ’being  partly  or  entirely  cbvered'by  a  surface  layer  which  exerts 
a  controlling  influence'  on  the  evolution  of  the- surface  reaction.  The  surface  layer  is 
classified  as  “inert",  implying  that  its  influence  on- the  surface  reaction  is  only  via  its 
thickness  which  may  vary  over  the  surface  in  space  and  time. 

Heterogeneous  reactions  differ  from  their  homogeneous  counterparts  in  that  a  re¬ 
action  surface  exists  which  influences  the  reaction  by  its  geometry,  morphology,  ac¬ 
cessibility  and  uniformity.  The  present  work  is  concerned  with  the  consequences  of 
nonimiformity  of  the  conditions  at  the  reaction  surface.  Therefore,  as  to  its  geometry, 
morphology  and  accessibility,  the  reaction  surface  is  assumed  to  be  as  simple  as  possi¬ 
ble:  a  model  is  presented  based  on  a  flat,  smooth,  equiaccessible  reaction  surface,  for 
which  nonuniformity  arises  due  to  the  varying  thickness  of  the  surface  layer.  A  layer 
substance  may  be  formed  (by  chemical  reaction,  vapour  deposition,  forming  impurities) 
and  it  may  be  removed  (by  evaporation).However,  due  to  its  contact  with  the  vapour 
atmosphere,  the  substrate  surface  will  never  be  entirely  devoid  of  layer  molecules.  A 
representative  system  is  in  the  form  of  a  solid  fuel  in  an  oxidizing  vapour  atmosphere, 
with  reaction  products  forming  a  liquid  layer  or  an  adsorption  layer,  depending  on  the 
siuface  temperature. 

The  processes  contributing  to  the  evolution  of  the  reaction  may  be  classified  as  to 
their  direction  with  respect  to  the  surface:  there  are  transversal  processes  which  are 
directed  in  the  normal  direction,  and  lateral  ones  which  act  in  a  tangential  direction  to 
the  surface.  As  it  turns  out,  transversal  and  lateral  processes  are  coupled  nonlineary  via 
thermal  and  mechanical  effects.  Since  surface  forces  are  found  to  be  extremely  strong 
for  thin  layers  (disjoining/conjoining  pressure  effects),  the  mechanical  coupling  between 
the  lateral  and  transversal  processes  is  of  primary  importance,  particularly  in  the  case 
of  film  spreading  involving  the  propagation  of  a  film  edge  over  the  surface  of  the  body, 
the  edge  comprising  film  thickness  ranging  from  microscopic  to  macroscopic  values. 
Such  a  propagation  edge  arises  for  spreading  ruptures  in  a  macroscopic  film,  leading 
to  the  appearance  and  growth  of  film  areas  covered  by  remnant  adsorbed  layers  of 
microscopic  thickness,  or  alternatively  for  a  spreading  macroscopic  “cap"  on  a  “moist" 
surface,  leading  eventually  to  a  film  cover  of  macroscopic  thickness.  Here,  “moist" 
designates  a  remnant  microscopic  coverage  of  the  substrate  surface. 

In  the  context  of  a  reacting  fuel  surface  covered  by  an  inert  liquid  layer,  spreading 
of  film  ruptures  will  be  associated  with  ignition,  whereas  spreading  of  caps  corresponds 
to  extinction. 


. . ZEL’D-O^tlgMEM^  _ 

•Since^lilin  sprga(Ung;is  in  tcingential  dii,3ctionsv<it  corresponds  to  a  lateral,  process . 
Pvropagajioitof  ^.edge  :ther.efofe  represents  n  surface  wave,  These  waves  are  described 
byt  ihe>soluti9ns;ojr-^..apprppriate,surface  trarispqrt  equation, sthe  .film  evolution  equa¬ 
tion.  It  will  be  shown  thatftwpikinds  of  self-similar,  surface  waves, arise.  There  are  waves 
basicciily  associated  with  an  initial  value  problem  for  the  case  of  the  transport  equation 
being  weakly  parabolic,  the  so-called  “Barenblatt  waves”.  They  .closely  correspond 
to  the  phenomenon  of  wave-like  spinodal  decomposition  observed  during  equilibrium 
phase-transitions.  .However,  due  to  the  transversal  processes  of  film  formation  (due  to 
smfaceiteaction)  and  film  evaporation,  .‘■elf-similar  surface  waves  also  exist  for  strongly 
parabolic  (i.e.  non-degenerately  parabolic)  film  equations.  These  waves  correspond  to 
transitions  between  metastable  states  by  means  of  a  nucleation  phenomenon,  i.e.  nu- 
cleation  of  ruptures  or  caps,  Consequently,  they  resemble  the  nucleation  waves  which 
may  also  occur  for  phase  transitions  in  equilibrium  systems. 

The  mechanical  coupling  between  transversal  and  lateral  processes  is  due  to  the 
thermodynamical  relation  between  the  disjoining  pressure  and  the  vapor  pressure.  Des¬ 
ignating  the  internal  pressure  of  a  film  of  thickness  h  by  ph  Mid  the  .vapour  pressure 
above  such  a  film  by  p)(,  the  relation  is  found,  similar  to  the  Kelvin  equation  for  curved 
.'s’trf.'.ces; 

Ph  -  Pob  =  -n(A)  =  y  In  j  .  (1) 

Poo  represents  the  internal  pressure  a-nd  p^  the  vapour  pressure  for  macroscopic  values 
of  the  thickness  h.  Consequently,  the  disjoining  pressure  ll{h)  represents  the  effect  of 
the  film  thickness  bejn^  non-macroscopic,  k  designates  the  Boltzmann  constant,  T  is 
the  temperature,  V  is  the  voliune  of  a  molecule.  The  film  thickness  h  is  determined  by 
the  vapour  pressure  p^  and  the  temperature  T: 


h  =  h{plT).  (2) 

Here,  T  =  const  gives  the  adsorption  isotherms,  whereas  p^  =  const  defines  the  ad¬ 
sorption  isobars.  The  relationship  h  =  h{p\,T)  will  be  shown  to  provide  the  equation 
of  state  for  a  thin  film,  viewed  as  a  surface  phase.  For  a  particular  equation  of  state, 
various  distinct  surface  phases  may  exist,  taking  the  form  of  a  surface  gas  or  a  sur¬ 
face  liquid,  for  instance,  with  surface  phase  transitions  between  them.  The  appewance 
of  critical  points  leads  to  second-order  surface  phase  transitions  known  as  “wetting 
transitions”. 

It  will  be  shown  that  certain  geometriceil  properties  of  the  state  surface,  i.  e.  its 
vertical  tangents  with  dp^dh  =  0  are  associated  with  the.  weak  parabolicity  of  the  film 
equation  eind  thus  lead  to  the  occurrence  of  Barenblatt  waves. 

Thin  films  are  defined  to  have  thicknesses  in  the  microscopic  and  mesoscopic  range, 
with  thin  film  properties  determining  the  shape  and  the  evolution  of  the  so-called 
“precursor”  at  the  edge  of  the  macroscopic  film.  It  will  be  shown  that,  due  to  large 
gradients  in  the  internal  pressure  of  the  film,  thermal  and  mechanical  phenomena  may 
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be  decoupl'id.  Thus,  as  to,  the  spreading  phenomena  for  film  precursors,  the  surface 
temperature  distribution  is  assumed  to  be  given  (that  is,  independently  derived).  It  will 
b"*  shown  that  the  partial  derivative:  is  geometrically  rimilar  to  the  precursor 

profile,  hbr  a  one-dimensional  surface^  an  invari^t  profile  is  thus  found  to  propagate 
on  the  surface,  which  is  giveii  as  follows: 

dh  dh 

dpl^  dx' 

Consijquently,  the  precursor  profiles  may  be  classified  according  to  the  well-known 
growth  modes  for  films  on  condensed-phase  substrates.  Examples  comprise  growth 
modes  according  to  Volmer-Weber,  jPrank-van  der  Merwe,  Stranski-Krastanov. 

In  order  to  derive  film  profiles  pertaining  to  microscopic  as  well  as  macroscopic 
thicknesses,  wetting  processes  for  “moist"  surfaces  are  investigated.  On  account  of  the 
surface  reaction  persisting  unabated  for  any  thickness  of  the  coverage,  surface  portions 
entirely  devoid  of  layer  molecules  will  not  occur. 

A  moist  surface  with  an  adsorption  layer  of  thickness  h  which  is  in  contact  with 
the  ambient  vapour  atmosphere  is  assigned  a  surface  tension  'y,v{h).  The  adsorption 
layer  being  of  microscopic  thickness,  it  is  viewed  as  a  two-dimensional  thermodynamic 
phase,  so  that  7,u(/i)  is  a  property  of  the  interface.  Consequently,  74u(0)  corresponds 
to  an  ordinary  “dry"  interface.  It  will  be  shown  that  the  spreading  coefficient  S{h) 
for  a  macroscopic  layer  spreading  over  a  moist  surface  may  be  found  in  terms  of  the 
disjoining  pressure  Il{h).  For  static  wetting,  a  macroscopic  “apparent”  contact  angle 
$  characterizes  the  .film  profile  at  the  edge  where  the  leadi.Tig  edge  of  the  macroscopic 
film  intersects  the  “moist"  surface. 

Negative  values  of  the  spreading  coefficient  S  correspond  to  contact  angles  $  with 
0  <  0  <  TT  (partial  wetting),  whereas  a  vanishing  S  corresponds  to  complete  wetting. 
As  with  “dry"  surfaces,  large  positive  values  of  S  favom  the  dynamic  spreading  of  the 
film  on  the  moist  surface. 

The  interplay  of  film  formation  (i.e.,  chemical  reaction)  and  film  removal  (i.e.  evap¬ 
oration)  may  lead  to  a  stabilization  of  films  which  are  meclianically  unstable,  or,  vice 
versa,  to  a  destabilization  of  mechanically  stable  films.  If  film  formation  exactly  bal¬ 
ances  film  removal,  uniform  metastable  stationary  states  are  possible  on  infinite  sub¬ 
strate  surfaces.  It  will  be  shown  that  a  boundary  layer  approximation  for  thin  films 
(the  so-called  “lubrication  approximrtion”)  leads  to  a  unified  description  of  precursor 
spreading  in  terms  of  a  generalized  diffusion  equation  given  in  terms  of  a  generalized 
transport  coefficient.  This  equation  describes  the  evolution  of  the  layer  thickness  h, 
imder  the  combined  influences  of  the  lateral  spreading  forces  due  to  gradients  in  the 
disjoining  pressure,  cind  the  transversal  processes  of  layer  formation  and  evaporation. 
In  the  case  of  a  strictly  nonvanishing  transport  coefficient,  this  evolution  equation  is 
nondegenerate.  For  this  case,  planar  and  circular  self-similar  surface  waves  are  derived 
which  are  shown  to  represent  the  nucleation  and  spreading  of  ruptures  and  caps  and 
thus  describe  ignition  and  extinction  processes. 
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HETEROGENEOUS  SOLID  MIXTURES  COMBUSTION: 
INFLUENCE  OF  MICROSTRUCTURE 
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A  substantial  and  continuously  growing  research  effort  has  been  invested  in  the  field 
of  heterogeneous  combustion  of  solid  mixtures,  especially  lately.  This  phenomenon  un¬ 
derlies  the  processes  in  solid  rocket  motors,  pyrotechnical  devices,  and  self-propagatmg 
high- temperature  synthesis  [1). 

Combustion  of  composite  solid  mixtures  involves  a  variety  of  physicochemical  pro¬ 
cesses  combined  with  the  geometrical  heterogeneity  of  the  internal  microstructure. 
Thus,  this  process  is  difficult  for  modeling  and  analyzing  [2]. 

The  fractal  and  percolation  theories  have  recently  aroused  a  great  interest  [3]  as 
the  means  of  description  of  critical  behavior  of  disordered  systems.  The  most  attrac¬ 
tive  ussue  to  be  addressed  is  the  relationship  between  the  structural  parameters  and 
properties  of  the  system,  e.g.,  combustion  characteristics. 

Scher  and  Zallen  [4]  have  found  that  the  conducting  volume  fraction  necessary  for 
the  onset  of  percolation  is  about  16%  of  the  total  volume  (SZ  criterion).  • 

Table  1  shows  some  literature  data  of  concentration  combustion  limits.  For  sys¬ 
tems  imder  consideration,  components  react  on  the  contact  surface,  so  that  the  area 
and  “connectivity”  of  the  reaction  surface  play  a  critical  role  in  the  initiation  and 
propagation  of  the  process.  The  network  of  particles  of  each  component  must  not  be 
disconnected  for  the  reaction  to  come  to  completion. 

As  presented  in  Table  1,  for  gasless  and  omall-gas- content  systems  it  is  nossible  to 
predict  concentration  limits  with  acceptable  accuracy  using  the  SZ  criterion. 
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Table  1:  Concentration  limits  of  composition  combustion. 


NN 

Systeiri  ' 

Mass' content  of  the  second 
component  at  combustion 
limits,  M/% 

Volume  content  of  compo¬ 
nents  at  combustion  limits, 
V/% 

1. 

Ta-Si 

4.4-31.7 

16.1 

15.1 

2. 

Hf-Si 

7.3-38.6 

19.9 

14.3 

3. 

Nb-Si 

7.0-47.6 

14.1 

15.0 

4. 

Mo-Si 

22.7-41.7 

33.0 

14.5 

5. 

Zr-Si 

12.1-43.2 

16.7 

19.2 

6. 

Ti-Si 

14.9-57.0 

15.2 

16.8 

7. 

Nb-Al 

6.8-48.6 

11.3 

15.9 

8. 

Nb-Ge 

14.6-70.0 

12.9 

12.7 

9. 

Ni-Al 

13.3-58.0 

20.0 

10.8 

10. 

Zr-Al 

15.4-62.6 

18.3 

12.0 

11. 

Ti-Al 

15.8-62.8 

14.3 

15.7 

12. 

Ti-Ni 

28.5-87.6 

10.1 

13.6 

13. 

Ti-Co 

32.5-76.3 

11.8 

22.5 

14. 

Hf-B 

4.6-23.2 

14.4 

18.2 

15. 

Nb-B 

7.2-23.2 

15.0 

19.9 

16. 

Mn-B 

11.6-20.7 

17.4 

23.8 

17. 

Zr-B 

7.4-37.0 

13.9 

18.7 

18. 

Ti-B 

8.3-56.0 

11.4 

15.1 

19. 

Mg-B 

25.0-71.0 

17.1 

17.3 

20. 

Zr-C 

7.4-43.0 

14.0 

15.8 

21. 

Ti-C 

8.1-57.0 

11.7 

14.2 

22. 

Pb02-WO2 

31.0-73.0 

13.2 

15.8 

The  model  of  solid  composites  has  been  developed:  the  percolating  and  isolated 
clusters  of  particles  play  a  crucial  role  in  system  properties.  The  outer  fractal  surface 
and  critical  parameters  were  calculated  by  the  methods  of  probability  theory. 

The  use  of  percolation  theory  combined  with  the  fractal  concept  is  a  fruitful  ap¬ 
proach  to  the  qualitative  analysis  of  the  spatiotemporal  correlations  between  process 
characteristics  such  as  the  reaction  front  velocity,  conversion  depth,  and  physicochem¬ 
ical  parameters  of  the  system. 

The  model  developed  is  also  important  for  the  determination  of  the  group  of  com¬ 
ponents  which  defines  the  velocity  of  the  reaction  front  {U).  Also,  the  analysis  of  the 
calculated  fractal  surface  of  the  components  (5)  and  dependence  U[S)  provides  the 
opportunity  to  predict  combustion  limits  and  the  value  of  U  for  composite  solid  mix¬ 
tures  containing  an  unlimited  number  of  chaotically  packed  components  with  irregular 


_  ZEL?D0yi6H^MEMQRI.AL,v :::  .September  IpU _ 

particle  shape. 

These  concepts  were  previously  proposed  [5]  as  a  method  of  obtaining  solutions  to 
the  problem  of  concentration-limits.  We  believe-that  this  approach  can  be  used  more 
extensively  to  model  combustion  waye^prppagation.- 
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PROPAGATION  OF  A  FLUIDIZING  COMBUSTION  WAVE 
G.  P.  Pron,  L.  K.  Gusachenko,  V.  E.  Zarko,  B.  M,  Malkin 

Institute  of  Chemical  Kinetics  &  Combustion,  Novosibirsk,  Russia 

Experiments  on  ignition  of  a  fluidized  bed  with  1-1 .6  mm  chamotte  particles  were 
conducted  in  a  laboratory  setup  125  mm  in  diameter.  The  height  of  the  stationary 
bed  was  160-170  ram,  the  inlet  air  temperature  was  50  °C  and  the  blow-tlnough  gas 
flow  velocity  was  V  <  Vt  {Vz  is  the  fluidizing  blow-through  velocity).  Coal-particle 
feeding  to  the  bed  surface  started  simultaneously  with  the  blow-through  flow  and  was 
performed  at  a  constant  flow  rate.  Ignition  was  initiated  by  burning  wood  bars  on  the 
bed  surface.  Thermocouples  mounted  above  and  in  the  bulk  of  the  bed  at  different 
distances  from  the  gas  distribution  grating  were  used  to  record  the  thermal  profiles 

(Pig.  1). 

In  Fig.  1,  one  can  see  a  pronounced  heating  wave  with  a  steep  front  propagating 
from  the  top  to  the  bottom  of  the  bed.  The  fluidization  occurs  in  the  wave  front,  where 
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Figure  1:  Thermocouple  records  at  different  distances  from  the  gas  distribution  grating: 
1  —  16  cm,  2  —  10  cm,  3  —  4  cm,  4  —  0.5  cm.  Wave  velocity  averaged  between 
positions:  (1-2)  v  =  0.C2  cm/s;  (2-3)  v  =  0.027  cm/s;  (3-4)  v  =  0.035  cm/s.  The 
temperature  above  the  btd  is  about  800  °C;  N  =  0.87. 


Figure  2:  Thermocouple  readings:  1  —  Figure  3:  Results  of  calculations  for 

above  the  bed,  2,  3  —  inside  the  bed  particles  with  d  =  0.15,  0.23  and  0.31 

at  the  distances  12  cm  and  2  cm  from  cm.  Fluidized  part  temperature,  °C; 

the  grating,  respectively.  The  averaged  quiescent  part  surface  temperature,  °C; 

wave  velocity  is  0.2  cm/s;  N  =  0.9.  interface  temperature  difference  on  the 

same  surface. 
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the  linear  flow  velocity  exceeds  the  critical  level  necessary  for  fluidizing  the  bed  with 
the  choseii’particles  size  and  air  heated  to  800  °G.  Figure  1  can  also  be  used  to  calculate 
the  wave  propagation  speed. 

An  elementary  model  of  the  process  has  been  proposed.  The  heat  flux  from  the 
fluidized  part  to  the  quiescent  part  of  the  bed  was  calculated,  based  on  known  empirical 
correlations  for  heat  exchangers.  The  dependences  of  fluidized  bed  temperature  and 
fluidization  wave  propagation  speed  calculated  versus  the  normalized  blow-through 
velocity  ,  N  =  V/V^,  (Fig.  3)  qualitatively  agree  with  the  experimental  results  (Figs.  1 
eind  2).  The  model  predicts  the  narrowing  of  the  range  of  acceptable  values  of  N  with 
increasing  particle  size.  The  model  cannot  reflect  the  wave  acceleration  effect  observed 
in  the  experiments  because  it  does  not  tadce  into  account  the  mechanical  influence  of 
the  fliddized  part  on  the  quiescent  part  of  the  bed  (due  to  the  .impact  by  particles  and 
vibration). 

A  method  for  the  bed  ignition  by  “forced”  flmdization  wave  propagation  has  been 
proposed.  The  wave  propagation  is  induced  by  creating  a  vibration  zone  traveling 
from  the  top  to  the  bottom  of  the  bed.  The  necessary  fluidized  layer  temperature  can 
be  obtained  with  N  not  too  close  to  unity,  which  ensures  fairly  good  stabili”  of  the 
process. 

This  work  has  been  supported  by  the  International  Science  Foundation. 


ON  THE  ROLE  OF  SURFACE  FILMS  IN  THE  IGNITION  AND 
COMBUSTION  OF  METAL  PARTICLES 

E.  Ya.  Shafirovich,  U.  1.  Goldshleger 

•  Institute  of  Structural  Macrokinetics,  Chernogolovka,  142432  Russia 

New  interest  in  meted  combustion  has  eirisen  recently  due  to  the  plans  of  using 
in-situ  propellants  in  lunar  and  Mars  missions.  Recent  researcli  have  yielded  new  ex¬ 
perimental  results  which  ceinnot  be  explained  by  the  available  theories  of  metal  ignition 
and  combustion. 

This  paper  presents  experimented  results  on  magnesium  particle  combustion  in  the 
atmosphere  of  carbon  dioxide  or  monoxide.  Particular  conside.’ation  is  given  to  the 
effect  of  surface  films  on  the  ignition  emd  combustion  behavior  of  particles. 

The  experiments  were  performed  in  a  flow  reactor  and  a  closed  chamber  in  a  con¬ 
trolled  environment.  The  mass  and  temperature  of  samples,  as  well  as  the  flame  tem¬ 
perature,  were  measured  throughout  the  experiment. 
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Figure  1  shows  the  observed  regions  of  combustion  regimes  for  Mg  with  GO2  and 
CO  in  the  scale  of  ambient  .gas  temperatures.  ,  . 

Combustion  of  l^agiie'siUm.  in  Ghrboh 

When  the  ambieiit  temperatiue>Js,4owen:thani;.the “Mg  melting  point  (923  K),  the 
heterogeneous  reaction  doel;hQtiratia|h;,ii^tipnj|.fie;^^^  law  is  close  to  paralinear, 
and  there  is  no  overheating  of  particles  abo^re  -the  gas,  temperature.  In  the  range  of 
temperatures  from  923  to  964  K,  we  observed  the  breakdown  of  thermal  equilibrium 
resulting  in  steady  heterogeneous  combustion- with  the  particle  overheat  of  about  10  K. 
This  transition  is  associated  with  the  surface  filni  cracking  observed  with  a  microscope. 
In  the  heterogeneous  combustion  regime,  the  oxidation  law  is  similar  to  autocatalytic. 

At  temperatures  above  964  K,  the  transition- to  vapor-phase  burning  is  observed. 
In  this  regime,  the  particle  temperature  is  close  to  the  Mg  boiling  point  (~  1370  K  at  1 
atm),  and  the  maximum  flame  temperature  is  2600-2800  K.  It  should  be  noted  that,  at 
the  lower  limit  of  the  vapor-phase  regime  (964  K),  the  ignition  occurs  when  the  metal 
has  been  almost  completely  consumed  in  the  heterogeneous  reaction. 

Our  analysis  shows  that  the  observed  “heterogeneous”  combustion  is  caused  by  the 
metal  vapor-oxidizer  reaction  inside  the  porous  layer  of  combustion  products.  Due  to 
the  capillary  flow  of  metal  in  the  pores,  the  effective  surface  of  evaporation  increases, 
resulting  in  an  autocatalytic-like  law  of  mass  variation.  By  the  end  of  the  heterogeneous 
combustion,  the  rest  of  the  metal  does  not  cover  the  entire  inner  surface  of  the  product 
layer.  Therefore,  both  the  effective  surface  of  evaporation  and  the  rate  of  sample 
mass  variation  decrease.  The  breakdown  of  the  quasi-steady  heterogeneous  combustion 
regime,  i.e.,  the  transition  to  the  vapor-phase  combustion,  occurs  at  a  mass  variation 
rate  close  to  its  maximum. 

Combustion  of  Magnesium  in  Carbon  Monoxide 

The  behavior  of  Mg  oxidation  and  combustion  in  CO  at  lower  temperatures  is 
similar  to  that  in  CO2.  In  the  range  of  temperatures  from  923  to  947  K,  we  observed 
the  heterogeneous  combustion  with  the  particle  overheating  by  20-30  K. 

When  the  ambient  temperature  exceeds  947  K,  the  vapor-phase  combustion  occurs, 
the  particle  temperature  is  close  to  the  boiling  point  of  Mg,  and  the  flame  temperature 
is  ~  1800  K  (the  adiabatic  flame  temperature  calculated  fo.  Mg  with  CO  is  about 
2000  K).  Estimates  show  that,  in  contrast  to  the  case  of  CO2,  the  heat  flux  from  the 
flame  zone  to  the  particle  is  not  sufficient  for  its  heating  to  the  measured  values  of 
temperature.  This  points  to  the  substantial  role  played  by  the  heterogeneous  reaction 
in  the  vapor-phase  combustion  of  Mg  in  CO. 

The  increase  in  the  ambient  temperature  reduces  the  measured  mass  increment  for 
the  time  until  the  inflammation.  The  effective  surface  of  evaporation  decreases  and 
the  role  of  the  “heterogeneous”  reaction  increases.  As  a  result,  pulsating  combustion  is 
observed  in  a  wide  remge  of  temperatures  (985-1230  K).  Vapor-phase  flashes  against  the 
background  of  vigorous  heterogeneous  reaction  occur  in  this  regime.  Figure  2  presents  a 
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Figure  1:  Combustion  regimes  for  2-mm  magnesium  samples  in  the  atmospheres  of 
carbon  dioxide  and  monoxide. 
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Figure  2:  Vmation  of  temperature  for  Mg  sample  in  CO  atmosphere  at  the  ambient 
gas  temperature  of  1098  K  (shown  by  the  broken  line)  and  the  gas  flow  rate  of  1  cm/s. 
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typical  temporal- variation- of  temperature  for  p^ticles  burned  in  the  pulsatin;'  regime. 
Thb  heterogeneous  reaction  results j  on.the  one- ihand,  in  the  loss  of  the  protective 
properties  ,6Lthe  film.5(due.  to  the -cracking)i  and,  on.  the  other  hand,  in  the  heating  of 
the  ►formed  cracks  These  concurrent:  efFects>give;rise-  to  the  pulsations  . 

It  should  be-noted  that  the.pulsating.combustion  is.not  observed -insthe  case  of  GO2, 
because  the  powerful -heat  releasedn  theigasiphase  leads  do  high’ rates  of  evaporation 
and  reduces  the  role  of  the  heterogeneous  reaction. 

In  both  GO2  and  GO,  the  increase  in  the  density  of  the  surface  coating  is  observed 
with  increasing  aihbient  temperature;  In.the^case  of  GO  j  this  results  in  the  onset  of  the 
second  regime  of  heterogeneous' combustion  ;in  the  range  ^of  temperatures  from  1230  to 
1272  K.  Furthermore,  when  the  temperatiire  exceeds  1272  K,  vapor-phase  combustion  is 
observed  again;  This  high-temperature  vapor-phase  regime  is  characterized  by  vigorous 
ejection  of  metal  vapor  through  ruptures  in  the  surface  coating. 

Concluding  Remarks 

The  available  theoretical  models  consider  the  ignition  of  a  metal  particle  as  either 
the  breakdown  of  thermal  equilibrium  with  a  constant  kinetic  law  of  oxidation  or  the  loss 
of  the  protective  properties  of  the  film.  Littxe  attention  has  been  paid  to  the  mechanism 
of  heterogeneous  reaction.  In  a  new  theory  of  metal  ignition  and  combustion,  one 
should  take  into  consideration  the  metal  vapor-oxidizer  reaction  in  the  pores  of  the 
surface  film,  the  capillary  flow  of  liquid  metal,  the  growth  and  structural  variations 
(healing)  of  the  film,  and  therefore,  the  change  in  the  kinetic  law  during  oxidation 
and  combustion.  Allowing  for  these  factors  would  make  it  possible  to  develop  a  new 
model  of  metal  particle  ignition  and  combustion  reflecting  adequately  the  observed 
multiplicity  of  combustion  regimes,  including  the  pulsating  regime. 

This  work  has  been. supported  in  part  by  the  International  Science  Foundation. 


COMBUSTION  OF  DUST 

V.  G.  Shevchuk,  A.  V.  Florko 

Odessa  State  University,  Odessa,  Ukraine 

Dust-air  mixtures  of  solid  combustible  particles,  as  well  as  gaseous  mixtmes,  repre¬ 
sent  typical  examples  of  chemical  active  media,  i.e.  the  media  with  distributed  nonlinear 
sources  of  energy  and  diffusive  interaction  between  the  elements  of  the  media  (in  gen¬ 
eral.  the  diffusive  interaction  is  realized  by  heat  conduction  and  diffusion).  Depending 
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on;the  proportion  between  nonlinear  kinetic  and- diffusive  factors  the  following  asymp¬ 
totic-regimes;  o£  conversion  are  posdble;  the  inductiom{distributed)  regime  when  the 
kinetics  limits  the.process;- diffusion-controlled  regime  characterized'by  the  inverse  pro¬ 
portion  of  the  factors;  aiutowave  regime^when  both-factors  are  comparable.  As  regards 
autowave  combustiony  the  honlinearity‘of  hydrodyiiaihic  rather  than  thermokinetic  type 
plays  the  doininahtirole.  This  determines  the  existence  of  the  various  hydrodynamic 
regimes  of  flame  propagation,  including  laminar,  oscillatory,  turbulent  and  intermediate 
between  these. 

Odessa  State  University  *has  long  been  conducting  investigations  of  the  distinctive 
features  of  dusj-^air  premixed  combustion  in  comparison  with  gas  combustion.  In  dusts, 
the  intrinsic  scales  are  related  to  the  particle  size  and  the  average  distance  between 
particles  together  with  the  external  geometrical  scale  of  combustion  system.  As  regards 
the  phenomena  pertaining  to  the  external  scale,  a  profound  similarity  between  ignition 
and  combustion  processes  in  dusts  and  gases  exists  in  terms  of  the  techniques  employed 
in  studying  dust  and  gas  self-ignition,  the  existence  of  nonadiabatic  lean  flammability 
limits  (quenching  in  narrow  channels),  the  conditions  of  realization  and  mechanisms  of 
laminar,  oscillatory,  turbulent  and  intermediate  regimes  of  autowave  combustion,  the 
criteria  of  free-convection  instability  of  the  flame  front,  the  characteristics  of  single- 
and  two-phase  diffusive  bunsen  flames,  etc. 

In  dusts,  the  components  are  mixed  on  the  macroscopic  level,  in  contrast  to  gases, 
where  the  mixing  occurs  on  the  molecular  level.  This  leads  to  the  dependence  of 
all  igiiition  and  combustion  characteristics  on  the  intrinsic  parameters  of  a  dust,  the 
particle  size  tq  and  the  distance  between  particles  lo,  expressed  in  terms  of  ignition 
temperatures,  ignition  delay  times  and  combustion  times  as  functions  of  ro  and  /q. 
In  Bunsen  diffusive  flames,  the  disperse  phase  strongly  affects  the  temperature  and 
concentration  fields  as  well  as  the  integral  characteristics  (the  length  and  shape  of  the 
flanre  brush). 

As  regards  autowave  regimes  of  combustion,  the  addition  of  a  disperse  phase  to 
a  combustible  mixture  of  given  chemical  combustion  makes  it  possible,  in  contrast 
to  gases,  to  considerably  change  the  rate  of  flame  propagation  and  its  stability  and 
even  obtain  the  hydrodynamic  regime  of  combustion  by  varying  fuel  dispersion.  In 
particular  this  is  evidenced  by  the  existence  of  the  adiabatic  lean  flammability  limit 
cind  its  dependence  on  the  particle  size,  the  direct  and  inverse  cascades  of  transitions 
“laminar  I-type  oscillatory  Il-type  oscillatory  ^  turbulent  flame”,  the  instability 
of  laminar  flames  with  respect  to  gravity-induced  stratification  in  tubes,  etc. 

Another  distinctive  feature  of  dust-air  mixtures  (particularly  disperse  metals)  is  the 
formation  of  disperse-  condensed  combustion  products,  which  generates  additional  space 
and  time  scales  determined  by  the  product  peuticle  size  and  spacing.  These  phenomena 
give  rise  to  a  number  of  specific  features  of  two-phase  combustion.  In  the  first  place, 
this  concerns  radiative  characteristics,  which  have  been  studied  using  .veil-developed 
optical  techniques  for  simultaneous  measurements  of  atomic,  molecular  and  continuous 
spectra  over  the  wave  length  range  0.25-6  fim  with  high  spectral  (~  2  •  10“^),  spatial 
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(a-  50,/iiii)  and  teinpored  (tolO^  sp/s)  resolution.  These.studies  involved  diagnostics  of 
both  individual  emitters  (single  oxide  particles  and  the  flame  zone'  as  a  whole  (integral 
flame  characteristics)).  It  has  been  shown  that  spectral  characteristics  of  individual 
emitter  are  fdated  to  the  structure  of  the  crystaUlhe  lattice,  the  nonstoichiometry  of 
the  oidde,  the  presence  of  additives,  and  the  geometric  limitaticihs  in  terms  of  the 
emitter  size  (<  0.1  /im).  In  particular,  the  attenuation  of  radiation  by  particles  is 
strongly  influenced  by  temperature,  in  contrast  to  scattering.  For  solid  particles  (  such 
as  MgO),  the  scattering  depends  on  the  wavelength.  Radiative  parameters  of  liquid 
drops  (AI2O3,  ZrOa,  and  Ti02)  exhibit  no  speciflc  trends  and  agree  with  those  predicted 
by  the  Mie  theory  for  high  temperatures  (~  3000  K).  Such  information  can  serve  as  a 
basis  for  estimating  integral  radiative  parameters  of  burnt  dust.  The  integral  emission 
coefficients  obtained  are;  SMg  =  0.05,  £ai  =  0.03,  e^i  =  0.01,  and  epe  =  0.3. 

The  studies  of  the  dispersion  of  Al,  Mg,  Zr,  Ti,  Fe  dust-air  combustion  products 
have  revealed  a  slight  sensitivity  of  dispersion  (0.05-1.0  (xm)  to  the  combustion  condi¬ 
tions  and  fuel  type.  It  was  experimentally  shown  that  the  electrophysical  phenomena 
form  the  basis  of  such  stability.  The  burnt  dust-air  mixture  is  a  low-temperature  plasma 
with  condensed  disperse  phase.  Negative  ions  Oj  are  the  oxide  condensation  centres. 
The  avetage  distance  between  the  positively  charged  oxide  particles  {Z  «  20-100|e|) 
was  found  to  be  close  to  the  Debye  radius  of  the  electron  component.  There  is  a  deep 
feedback  between  the  generation  rate  of  particles  eind  their  concentration.  Its  essence 
lies  in  the  following.  The  molecular  ions  OJ  and  small  negatively  charged  particles  of 
radius  smaller  than  the  critic''^  one  (r^  <  0.5-1.0  mn).are  affected  by  “destructions”  at 
c-particles  concentration  N  ~  10*^-10^®  m"^  (depen^ng  on  metal  type).  This  leads  to 
the  asymptotic  concentration  N,  The  first  process  is  due  to  the  “destructions”  OJ  as 
result  of  their  interaction  with  large  positive  c-particles,  the  second  one  is  due  to  the 
coagulation  of  unlike  charges  (negative  subcritical  and  positive  stable  c-particles).  As 
a  result  of  the  steady-state  concentration  N  and  spatially  homogeneous  distribution  of 
c-particles  due  to  their  repulsive  interaction,  the  final  size  Tc  of  oxide  particles  is  weakly 
influenced  by  the  combustion  conditions,  for  instance  Vc  ~  (where  B  is  the  fuel 

concentration). 

Thus,  the  hydrodynamic,  electrophysical  and  optical  phenomena  are  all  closely 
linked,  and  constitute  a  single  method  base  for  investigating  the  dust  combustion  pro¬ 
cess. 
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DETERMINATION  OF  REACTIVITY  PARAMETERS  ON 
MODEL  CARBONS,  COKES  AND  FLAME-CHARS 

Lasse  Holst  S0rensen,  Erik  Gjernes,  Thomas  .lessen 

Department  of  Combustion  Research,  Ris0  National  Laboratory,  DK-4OOO  Roskilde,  Denmark 


Abstract 

Reactivity  profiles  have  been  defined  and  measured  using  thermogravimetry  for 
dense  metallurgical  Longyear  coke,  polymer-derived  Carboxen  1000  porous  active  car¬ 
bon,  and  three  flame-chars  (1],  Illinois  #6,  Pittsburgh  #8,  and  Blue  #1.  For  each 
sample,  it  has  been  found  that  the  reactivity  profile  can  be  split  into  a  chemical  kinet¬ 
ics  factor  and  a  structural  profile  describing  reactivity  evolution.  Determination  of  the 
structmal  profiles  has  been  performed  for  reaction  rates  varying  over  2  orders  of  magni¬ 
tude  and  for  burn-out  depths  between  20%  and  80%.  The  apparent  reaction  order  and 
activation  energy  in  oxygen  have  been  estimated  over  a  100  K  temperature  range  (cases 
vary  from  573  K  to  773  K)  and  the  maximum  oxygen  partial  pressure  range  of  0.01-1 
atm.  For  different  samples,  the  reaction  orders  vary  between  0.65  and  0.90  and  the  acti¬ 
vation  energies  between  119  and  146  kJ/mole.  Over  the  pressure-temperature  domain 
considered,  the  reactivity  varies  considerably,  but  the  structural  profile  is  approximately 
invariant,  i.e.,  each  sample  consistently  exhibits  the  same  structural  evolution  over  a 
broad  span  of  kinetic  conditions.  Tlie  structural  profile  is  different  for  each  sample. 
In  the  20%  to  80%  burn-out  range,  Carboxen  undergoes  a  four  times  increase  in  reac¬ 
tivity,  while  for  coal-derived  chars  the  reactivity  decreases  by  a  factor  of  two  to  five. 
These  residts  emphasize  the  importance  of  a  rational  understanding  of  the  structural 
evolution  of  a  given  sample  in  evaluating  kinetic  parameters.  Our  method  of  obtaining 
kinetic  parameters  is  discussed,  and,  after  isolating  the  structural  effects,  these  are  de¬ 
scribed  in  terms  of  generedized  unipore/unigrain  models  [2].  It  is  further  described  how 
a  comparison  of  structure-dependent  sample  reactivity  can  be  performed  and  used  for 
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ranking  char  reactivity.  The  measured  reactivity  and  the  derived  reactivity  indices  of 
the  coal-derived  chars  are  foimd  to  compare  well  with  high-temperature  data  fotmd  in 
literature  [3]. 

Theory 

The  reactivity  Rm  of  a  char  is  defined  in  terms  of  conversion  rate  as 

1  dM 


Rm  =  -- 


(1) 


M  dt  ’ 

where  M  denotes  the  iriass  of  the  organic  part  of  the  sample.  In  general,  Rm  is 
a  function  of  temperature,  oxygen  partial  pressure,  total  pressure  and  the  burn-out 
depth  X  =  (Mo  -  M)/Mo.  At  a  fixed  total  pressure,  it  may  be  advantageous  to  split 
the  functional  dependence  into  the  chemical  kinetics  term  fc  and  the  structural  profile 
/(Jf),  hence 

RM  =  rc{T,Po^)fiX).  (2) 

Reactivity  vs.  burn-out  depth  at  fixed  temperature  and  O2  partial  pressure,  Rm{X)\t,Po^ 
yields  a  reactivity  profile  (RP)  summarizing  the  effect  of  internal  surface,  active/reactive 
sites,  and  pore  evolution. 

The  present  work  emphasizes  the  importance  of  a  reliable  estimation  of  the  struc¬ 
tural  profile,  prior  to  the  evaluation  of  kinetic  parameters.  Since  the  RP  is  often  a 
directly  measured  quantity,  the  kinetic  term  can  only  be  obtained  when  the  struc¬ 
tural  profile  is  known. 

The  RP  was  obtained  by  continuously  monitoring  the  reactivity  Rm  over  a  broad 
burn-out  range  at  fixed  temperature,  total  and  O2  partial  pressure.  The  validity  of  Eq. 
(1)  was  tested  by  repeatedly  observing  the  structural  profile  at  various  temperatures 
and  pressures.  If  the  structural  profile  is  invariant  over  a  sufficiently  broad  T-P  domain 
of  interest,  the  effects  of  ‘structure’  and  ‘kinetics’  can  be  dealt  with  separately.  One 
may  then  attempt  a  theoretical  prediction  of  the  RP,  based  on  structural  confederations 
and  pore  evolution  models. 

Studying  the  three  flame- chars,  the  metallurgical  coke  and  the  synthetic  active 
carbon  over  a  100  K  temperature  range  and  O2  partial  pressures  ranging  from  0.01  atm 
to  1  atm,  we  have  found  that  the  structural  profiles  are  essentially  constant,  i.e.,  each 
sample  undergoes  the  same  evolution  in  terms  of  reactivity,  regardless  of  the  reaction 
rate.  However,  pronounced  variations  exist  between  different  samples.  While  the  coal- 
derived  chars  show  a  two  to  five  times  deciease  in  reactivity  with  burn-out  depth 
increasing  from  20%  to  80%,  Carboxen  active  carbon  exhibits  a  four  times  increase 
over  the  same  burn-out  range.  Thus,  the  relative  reactivity  may  change  by  as  much 
as  a  factor  of  20  dmring  the  process,  due  to  the  difference  in  structural  evolution. 
These  results  indicate  that  due  attention  should  be  paid  to  the  RPs,  when  deriving  cind 
comparing  kinetic  parameters. 

A  random  pore/grain  model,  recently  generalized  by  the  authors,  will  be  used  to 
fit,  discuss  and  compare  the  RPs.  The  generalized  models  describe  the  evolution  of 
available  reactive  sites  rather  than  the  pore  surface  area. 
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Figure  1:  Reference  reactivity  profiles  for  Carboxen,  Pittsburgh  #8,  Illinois  #6,  Blue 
#1  and  Longyear  cokes  normalized  by  at  X  =  0.2. 

Finally,  the  knowledge  of  the  RP  for  a  given  sample  allows  one  to  parametrize  the 
burn-out  dependence  of  the  reactivity  in  order  to  obtain  a  reactivity  measure  incor¬ 
porating  structural  effects.  Thus,  the  possibilities  for  obtaining  a  reactivity  index  and 
carrying  out  a  fuel  ranking  program  will  be  discussed. 

Experimental 

A  dense  metallurgical  coke  prepared  by  coking  highly  volatile  Longyear  coal  for 
approximately  30  hours  in  a  coke  oven,  Carboxen  1000  porous  active  carbon,  and  three 
selected  fiat-flame-burner  chars,  Pittsburg'.  #8,  Illinois  #6  and  Blue  #1  pyrolyzed  at 
1500-1700  K  have  been  characterized  by  thermogravimetric  analysis.  A  ‘SDT  2960  Si¬ 
multaneous  TGA-DTA’  from  TA-Instruments  was  used  in  the  experiments.  The  sam¬ 
ples  were  heated  in  oxygen  to  the  final  temperature  and  then  weighed  under  isothermal 
conditions  during  burn-out.  Only  the  experiments  where  the  measured  sa  nple  tem¬ 
perature  was  within  ±1  K  of  the  preset  value  were  used  in  the  data  interpretation. 
The  oxygen  concentration  was  varied  from  1  to  100%  in  nitrogen  at  atmospheric  pres- 
siure  using  two  calibrated  Bronkhurst  HI-TEC  flow  meters  and  a  manifold.  In  a  single 
experiment  (100%  O2  at  773  K),  the  flow  was  varied  from  50  to  500  ml/min,  and  in 
cuiother  experiment  the  oxygen  concentration  was  varied  in  situ. 

Method  and  Results 

For  each  carbon,  the  RPs  at  three  temperature  levels  and  various  fixed  oxygen 
partial  pressures  were  measured.  For  each  fuel,  all  RPs  were  normalized  with  respect 
to  a  reference  RP,  in  order  to  obtain  the  average  reactivity  over  the  20-80%  burn-out 
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Figiue  2:  .Normalized  structural  profiles  for  all  Garboxen  cases  investigated  (673-773 
K  and  1%  to  100%  O2).  The  value  of.^^M  varies  by  the  order  of  100. 


range  relative  to  the  reference  value.  The  estimated  values  can  then  be  used  to  derive 
the  kinetic  parameters,  i.e.,  the  activation  energy  and  the  reaction  order. 

Figure  1  shows  representative  structural  profiles  for  various  samples.  The  three 
chars  and  the  coke  show  reactivities  decreasing  with  increasing  burn-out  depth,  while 
Garboxen  exhibits  the  opposite  trend.  Attention  should  be  paid  to  the  pronounced 
variations  in  relative  reactivity  over  the  burn-out  range  considered. 

Figure  2  shows  the  structural  profiles  measured  for  Garboxen.  They  were  obtained 
in  the  temperature  range  of  673  K  to  73  K,  with  oxygen  concentration  varying  from 
1%  up  to  100%.  In  the  20%  to  80%  burn-out  interval,  the  profiles  have  the  same  shape, 
which  justifies  the  use  of  the  reference  RP.  The  diverging  trend  in  the  last  portion  of 
the  burn-out  is  due  to  the  uncertainty  in  determining  the  residual  mass.  The  residual 
mass  Af  enters  Eq.  (1)  as  the  denominator  and  thus  magnifies  any  uncertainties  as  M 
goes  to  zero. 

Conclusion 


Pittsburgh  #8,  Illinois  #6,  and  Blue  #1  chars,  as  well  as  Longyear  coke  and  Gar¬ 
boxen  1000  porous  active  carbon,  can  all  be  described  in  terms  of  reactivity  profiles 
(RP)  which  parametrize  their  structural  behavior  with  respect  to  burn-out.  These 
structural  effects  must  be  taken  into  account  when  deriving  kinetic  data.  The  physical 
interpretation  of  the  RPs  is  given  in  terms  of  unipore/unigrain  models. 
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THE  COMBUSTION  MECHANISM  OF  AMMONIUM  NITRATE 

AND  ITS  MIXTURES 

V.  A,  Strunin,  A.  P.  Dyakov,  L.  B.  Petukhova,  G.  B.  Manelis 

Institute  of  Chemical  Physics  in  Chernogolovka,  Chernogolovka,  Russia 

Ammonixun  nitrate  (AN)  is  of  interest  as  an  oxidizer  in  various  compositions  (explo¬ 
sives,  solid  propellants)  and  as  a  representative  of  ammonium  salts,  of  which  ammoniunr 
perchlorate  (AP)  has  been  examined  in  detail. 

AN  in  its  pure  state  is  incapable  of  deflagration  differing  from  AP  in  this  respect. 
From  the  book  by  A.  P.  Glaskova  (1),  it  follows  that  AN  can  burn  only  with  addi¬ 
tives  such  as  compounds  of  metals  of  variable  valency,  the  salts  of  alkaline  metals  or 
organometallic  compounds.  Most  of  the  mixtures  begin  to  burn  at  50  atm,  but  some 
of  them,  e.g.,  with  potassium  chromate,  are  capable  of  deflagration  at  atmospheric 
pressure. 

We  consider  at  first  the  chemistry  of  the  processes  occurring  in  the  combustion  wave. 
Thermal  decomposition  of  this  salt  proceeds  in  two  modes:  dissociation  to  ammonia 
and  nitric  acid,  their  evaporation  and  decay  to  nitrogen  oxides,  water,  nitrogen  and 
oxygen.  The  main  featiues,  as  compared  to  AP,  are; 

1.  The  salt  decomposes  during  combustion  in  the  liquid  phase. 

2.  The  concentration  of  the  acid  formed  in  the  liquid  phase,  as  a  result  of  equilibrium 
dissociation,  is  greater,  since  nitric  acid  and  is  a  weaker  acid  than  perchloric  acid. 

3.  The  volatility  of  A  1  is  higher  and,  respectively,  the  temperature  of  the  burning 
surface  is  lower. 
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Table  1:  Combustion  characteristics  of  AN  at  70  atm. 


u,  cm/s 

T, 

/ 

Q,  cal/g 

n 

k 

theory 

experiment 

0.34 

0.3-0.6* 

790 

0.51 , 

■  150 

.  1.04 
0.8-0.9 

3.4 

unstable 

’with  5%  additives  of  NaCl,  BaGlj,  CrjOj  [1] 


4.  The  oxidizing  ability  of  AN  decomposition  products,  as  compared  to  ammonia, 
hydrocarbon  and  other  fuels,  is  weaker. 

Taking  into  consideration  these  features,  we  calculated  the  combustion  characteristics 
of  AN  using  the  model  of  condensed-phase  combustion  of  the  low-volatile  substances 
[2]  employing  the  ideas  of  Ya.  B.  Zel’dovich  [3j, 

An  essential  feature  of  this  model  is  that  the  surface  temperature  and  the  thermal 
effect  in  the  condensed  phase,  which  are  very  important  parameters  in  this  mechanism, 
can  be  obtained  from  the  mathematical  equations  involving  the  rate  constants  of  de¬ 
composition  and  evaporation  without  using  any  arbitrary  assumptions  such  as  those 
brought  forward  in  some  combustion  models.  In  our  calculations,  we  used  the  kinetic  [4] 
and  thermodynamic  [5]  constants  of  AN.  The  results  obtained  and  experimental  data 
are  presented  in  the  Table  1.  Here  v  is  the  burning  rate,  T,  is  the  temperature  of  the 
surface,  /  is  the  fraction  of  evaporation,  Q  is  the  thermal  effect  in  the  condensed  phase, 
n  is  the  pressure  exponent,  k  is  the  stability  criterion,  which  is  >  1  in  the  unstable 
region  [6,  7]. 

It  is  seen  that  there  is  a  rather  good  agreement  between  theory  and  experiment. 

The  dependence  of  the  burning  rate  on  the  pressure  of  AN  composition  has  been 
investigated  over  a  wide  pressure  region  [1].  To  obtain  an  additional  information  about 
the  mechanism  of  AN  combustion  we  used  the  method  of  smoothing  of  experimental 
points  (spline  method)  with  subsequent  computation  of  the  pressure  exponent  in  any 
narrow  pressure  interval  [8]:  n  =  p{v2  -  Ui)/v(p2  -  Pi)- 

The  results  are  shown  in  the  Fig.  1.  The  exponent  n  first  decreases  from  ~  1  to 
0. 1-0.4  in  the  range  of  50-400  atm,  then  the  curve  exhibits  a  minimum  which  may  be 
explained  by  the  reduction  of  AN  evaporation  fraction  and  the  transfer  of  combustion 
to  the  instability  region.  The  increase  in  n  at  high  pressures  is  apparently  caused  by 
the  gas-phase  oxidation  reactions  involving  nitrogen  oxides,  oxygen  and  the  organic 
components  of  the  mixture.  The  general  pattern  of  the  n{p)  dependencies  is  similar 
to  that  for  perchlorate  compositions  [9],  which  validates  the  same  mechanism  of  their 
combustion. 

A  remarkable  feature  of  AN  combustion  is  the  paradoxically  strong  effect  of  alkaline 
metal  salts  (chlorides,  nitrates)  which  do  not  practically  catalyze  the  decomposition 
of  AN.  However,  similar  effects  have  also  been  revealed  for  other  ammonium  salts. 
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Figure  1:  Dependence  of  the  pressure  exponent  on  pressure.  1  —  AN  (76.2%),  urea 
(19.5%),  copper  oxinate  (4.3%);  2  —  AN  (85%),  vinyl  polymer  (15%);  3 — AN  (95.2%), 
boronsalicylic  acid  (4.8%);  4  —  AN  (95%),  ferric  chloride  (5%). 

especially  for  hydrazine  nitrate  [10].  The  mechanism  of  this  influence,  proved  by  the 
chemical  analysis  of  the  surface  layer  of  extinguished  samples  and  by  the  appropriate 
modelling,  is  simple  and  consists  in  the  accumulation  of  the  additive  at  the  burning 
surface,  a  decrease  in  evaporation  of  the  main  component,  an  increase  in  the  surface 
temperature  and  a  respective  increase  in  the  burning  rate. 

We  also  studied  combustion  of  several  compositions  based  on  AN.  The  mixture  of 
AN,  rubber  and  aluminium  exhibits  rates  ~  3  times  lower  than  those  of  similar  AP 
propellants.  At  100  atm,  the  rate  is  equal  to  0.34  cm/s.  The  n{p)  treated  by  the 
spline  method  is  cheiracterized  by  a  significant  decrease  in  n  with  p,  but  addition  of 
some  catalysts  improves  the  dependence:  brings  down  the  value  of  n  and  makes  it 
nearly  constant  in  this  pressure  range.  Ferrocenyl  copper  acetylide  turned  out  the  best 
catalyst  among  the  additives  examined  because  it  contains  two  catalyzing  elements  and 
an  active  unsaturated  bond. 

Consequently,  it  may  be  concluded  that  the  combustion  laws  of  AN  compositions  are 
explained  in  terms  of  the  mechanism  in  which  the  decomposition  in  the  condensed  phase 
plays  the  main  role  together  with  an  additional  influence  of  the  gas  phase  reactions 
during  combustion  emd  it  is  chwacteristic  for  most  ammonium  salts  compositions. 
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IGNITION  OF  MAGNESIUM  IN  VARIOUS  OXIDIZING  MEDIA 
AT  REDUCED  PRESSURES 

A.  E.  Valov,  E.  I.  Gusachenko,  V.  1.  Shevtsov 

Institute  of  Chemical  Physics  in  Chemogolovka,  Chernogolovka,  Russia 

The  effect  of  pressure  on  ignition  of  metal  particles  is  very  important  for  the  im- 
derstanding  of  high-temperature  oxidation.  According  to  the  theory  of  vapor-phase 
ignition  and  combustion  of  metal  particles,  an  increase  in  pressure  results  in  increasing 
particle  heating  [1].  However,  according  to  experimental  results,  the  induction  time 
actually  does  not  depend  on  pressure  for  the  particles  of  aluminum  [2]  and  magnesium 
[3].  To  this  date,  there  have  been  very  few  experimental  studies  of  the  effect  of  gas 
pressure  and  oxidizer  concentration  in  the  gas  on  the  ignition  of  metals. 

Therefore,  in  our  work  we  studied  the  effect  of  (a)  the  pressure  of  the  oxidizing 
medimn,  (b)  the  oxidizer  concentration  and  (c)  the  chemical  composition  of  the  oxi¬ 
dizing  mediiun,  on  the  ignition  of  magnesium  particles.  In  addition,  we  explored  the 
possibility  of  the  description  of  magnesium  ignition  at  various  pressures  of  the  medium 
and  various  concentrations  of  the  oxidizer  by  the  vapor-phase  oxidation  model. 
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,  ,  All-experiments -om  single  particle  ignition  were.  Ccirried  out  using  the  device  de¬ 
scribed  in  detail  in  [4]. 

Figure  1  shows  the  effect  of  dr  pressure  on  the  dependence  of  the  critical  ignition 
temperature  oh  particle  dsses,,  The  curves  shift  to  the  right  with  decreasing  pressure. 
The  ignition  temperature  of  relatively  small  particles  (smaller  than  100-120  nm)  de¬ 
creases  with  a  increase  in  pressure,  whereas  large  pdticles  (larger  than  120  /im)  ignite, 
within  the  experimental  accuracy,  at  the  same  temperature  for  all  pressures. 

•  '  4  ^  .  V  .  .. 

The  effect  of  oxygen  concentration  oh  the  ignition  (Fig.  2)  was  studied  at  the  total 
pressure  1  atm  and  the  content  of  oxygen  in  nitrogen  20%,  5%  and  1%.  At  the  oxygen 
content  lower  than  1%,  the  flash  was  not  .observed,  It  can  be  seen  that  decreasing  oxy¬ 
gen  concentration  in  oxidizing  media  leads  to  the  same  results  as  decreasing  total  gas 
pressure  at  a  constant  concentration  of  oxygen,  namely  to  higher  ignition  temperature 
for  small  particles  (smaller  than  160  /im). 
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Figure  1:  Dependencies  of  the  crit¬ 
ical  temperature  of  ignition  of  mag¬ 
nesium  in  air  on  the  particle  size. 
Solid  curves  are  the  experimental  data, 
dashed  curves  aire  the  calculated  re¬ 
sults:  (1)  10®  Pa,  (2)  5.3  •  10®  Pa,  (3) 
5.3  •  10®  Pa. 


Figure  2:  Effect  of  oxygen  content  on 
the  critical  ignition  temperature  for 
magnesium  particles.  Solid  curves  are 
the  experimental  data,  dashed  curves 
are  the  calculated  results:  (1)  20%  of 
oxygen  in  nitrogen,  (2)  5%  of  oxygen 
in  nitrogen. 


Taking  into  accoimt  the  published  data,  we  can  take  as  reliable  the  fact  that  the 
contribution  of  metal  vapour  oxidation  to  the  high-temperature  magnesium  oxidation 
becomes  substantial  at  temperatures  lower  than  the  experimental  ignition  tempera¬ 
tures.  Therefore,  in  our  work  we  calculated  the  critical  ignition  temperatures  by  the 
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model  of  vapor-phase  oxidation.  The  model  takes  into  account  evaporation  of  the  metal 
and  oxidation  of  its  vapom  in  the  process  of  ignition.  Comparison  of  the  predicted  and 
experimental  dependences  shows  that  this  model  correctly  describes  the  dependence 
of  the  m^nesium  ignition,  limit  on  the  particle  size  at  all  air  pressures  and  oxidizer 
concentrations  in  the  mixture  of  oxygen  and  nitrogen. 

We  studied  the  ignition  of  single  particles  of  magnesium  in  carbon  dioxide.  The 
dependences  of  the  critical  temperature  of  ignition  on  the  size  of  initial  metal  particles  at 
various  pressures  of  carbon  dioxide  (Fig.  3)  show  that  the  critical  temperature  decreases 
with  increasing  particle  size  at  all  gas  pressures  studied.  In  addition,  the  ignition 
temperatures  decrease  with  a  decrease  in  pressure,  whereas  in  air  the  temperature 
rises. 

The  experimental  dependences  of  the  critical  ignition  temperature  on  the  particle 
size  at  various  concentrations  of  carbon  dioxide  in  argon  (Fig.  4)  show  that  a  decrease 
in  carbon  dioxide  concentration  leads  to  an  increase  in  critical  temperature. 
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Figure  3:  The  dependencies  of  the  crit¬ 
ical  temperature  of  ignition  of  magne¬ 
sium  on  the  size  particle  in  carbon  diox¬ 
ide.  Solid  curves  are  the  experimental 
data,  dashed  curves  are  the  calculated 
results:  (1)  10®  Pa,  (2)  5.3  •  10®  Pa,  (3) 
5.3  •  10®  Pa. 


Figure  4:  The  dependences  of  the  criti¬ 
cal  temperature  of  ignition  of  magne¬ 
sium  on  the  size  of  particles.  Solid 
curves  are  the  experimental  data, 
dashed  curves  are  the  calculated  re¬ 
sults:  (1)  2.6%  of  carbon  dioxide  in  ar¬ 
gon,  (2)  5.3%  of  carbon  dioxide  in  ar¬ 
gon.  The  total  pressure  is  10®  Pa. 


The  critical  temperatmes  of  ignition,  calculated  by  the  model  of  vapor-phase  oxi¬ 
dation  at  various  carbon  dioxide  pressures  and  concentrations  in  mixt’ires  with  argon, 
agree  satisfactorily  with  the  experimental  results  (Figs.  3  and  4). 


223 


'4 


2EL;PQ,VICH  MEMORIAL,,,  n-^nSe^timher  1994 


References 

[ij.  L^in  A.  Ya.,  Stepanov  A,M..Fizika,  Goreniya  Vzriva,  1983, 19,  3, 41  (in  Russian). 

[2]  Belyaev  A.  F.,  Frolov  Yu.  V.,  Korotkov  A.  I.  ibid,  1968,  4,  3,  323  (in  Russian). 

[3]  Shaflrovich  E.  Ya.,  In:,  Chemical  Physics  of  the  Processes  of  Combustion  and 
Explosion.  Combustion  of  Heterogeneous  and  Gaseous  systems,  (Novozhilov  B.  V. 
Ed.),  Chernogolovka,  1986,  62  (in  Russian). 

[4]  Vrdov  A.  E.,  Gusachenko  E.  I.,  Shevtsov  V.  I.  Fizika  Goreniya  Vzriva,  1991,  27, 
4,  3  (in  Russian). 
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Abstract 

A  laminar  diffusion  flame  is  established  over  a  horizontal  flat  plate  burner  when 
ethane  is  injected  into  a  stream  of  air  flowing  parallel  to  burner.  The  geometric  con¬ 
figuration  corresponds  to  that  of  a  wind  tunnel  with  a  test  section  270  mm  long  and 
a  rectangular  cross  section  120  mm  wide  and  90  mm  in  height.  A  50  mm  by  200  mm 
sintered-bronze  porous  burner  is  mounted  on  the  floor  of  the  wind  tunnel  symmetrically 
with  respect  to  the  flow  direction  at  the  distance  of  35  mm  from  the  air  inlet  [1].  This 
geometric  configuration  is  used  to  carry  out  a  numerical  simulation  with  the  aim  of  bet¬ 
ter  understanding  the  effect  of  buoyancy  on  this  type  of  flame.  The  results  obtained  by 
numerical  simulation  are  compared  with  experiments  conducted  under  normal  gravity 
and  microgravity  conditions.  The  parameters  studied  are  the  velocity  and  temperature 
profiles,  as  well  as  the  fleime  geometry.  Numerical  simulations  and  experiments  have 
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been  conducted  for  different  air  eind  gas  forced  flow  velocities  under  both  normal  and 
microgravity  conditions. 


Description  of  the  Numerical  Model 

A  three-dimensional  stationary  numerical-solution  is  obtained  for  the  temperature 
and  velocity  fields  corresponding  to  a  laminar  flame  established  in  the  wind  tunnel 
such  as  the  one  described  above.  The  chemical  reaction  is  described  by  the  flame 
sheet  approximation,  therefore,  fuel,  oxidizer,  inert  gases  and  products  are  assumed  to 
undergo  a  single-step  global  reaction  at  jm  infinitely  fast  rate.  The  three-dimensional 
Navier-Stokes  equations  are  used  to  describe  the  flow  field.  The  coupling  of  momentum, 
energy  and  species  equations  is  obtained  using  the  Shvab-Zel’dovich  formulation,  where 
a  linear  combination  of  the  partial  differential  equations  corresponding  to  temperature, 
fuel  {Yp)  and  oxygen  (Vb)  results  in  a  mixture  fraction  equation  without  a  source  term. 


The  resulting  equations  that  will  be  solved  numerically  are  as  follows: 
For  mass: 

d{pu)  djpv)  djpw)  _ 

dx'^dy  dz  ~ 

For  momentum  and  mixture  fraction: 


a(/3ub)  ,  d{pv<}>)  , 


d{pw4>) 

~dr~ 


•f 


Here,  is  the  transport  coefficient  and  S4,  is  the  source  term.  Both  of  these  are  specific 
with  respect  to  the  variables  u,  u  and  w.  The  effects  of  gravity  are  incorporated  through 
the  momentum  equation  and  5^  is  equal  t(.  zero  for  the  mixture  fraction  equation. 


Experimental  Results 

A  series  of  experiments  were  conducted  under  normal  and  micro-gravity  conditions 
where  the  parameters  varied  were  the  fuel  and  air  forced  flow  velocities.  Temperature 
measurements  and  video  images  were  recorded.  Microgravity  experiments  were  carried 
out  in  a  5  s  drop  tower  (ZARM,  Germany)  and  on  board  of  an  aircraft  performing 
Keplerian  parabolas  (ONES,  Caravelle  Aircraft).  Under  normal  gravity  conditions,  the 
flame  can  be  divided  in  two  well-determined  regions,  the  boundary  layer  region  (where 
inertia  dominates),  and  the  pliune  region  (where  buoyancy  dominates).  In  the  bound¬ 
ary  layer  region,  the  air  entrainment  induced  by  the  plume  adds  to  the  forced  flow, 
resulting  in  flames  stabilized  closer  to  the  burner  and  premature  extinction.  When 
gravity  is  eliminated,  the  plume  region  disappears;  therefore,  the  overall  air  flow  ve¬ 
locity  is  reduced  to  that  of  the  forced  flow,  hence  the  stand-off  distance  increases  and 
iiigher  air  forced  flow  velocities  are  necessary  for  extinction  to  occur.  In  microgravity, 
the  flame  stabilized  along  an  almost  straight  line  and  periodically  expanding  reactive 
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Figure  1:  Processed  images  of  a  boundary  layer  diffusion  flame  in  normal  and  micro¬ 
gravity. 
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zones  axe  observed.  The  reactive  zones  appear  at  the  leading  edge  of  the  flame  and 
enlarge  as  they  propagate  downstream  and  towards  the  walls  of  the  wind  tuimel  in  the 
direction  perpendicular  to  the  forced  flow.  A  processed  image  of  the  first  period  after 
the  disappearance  of  the  gravitational  acceleration  is  presented  in  Fig.  1.  The  images 
correspond  to  the  flame  developing  at  the  air  flow  velocity  0.115  m/s  and  fuel  injection 
velocity  0.0052  m/s,  but  its  characteristics  are  similar  to  most  of  the  other  conditions 
studied. 

Comparison  and  Conclusions 

The  temperature  field  presented  in  Fig.  1  was  numerically  obtained  and  presented  in 
Fig.  2  for  normal  gravity  and  in  Fig.  3  for  microgravity  conditions.  It  can  be  observed 
that  the  numerical  simulation  describes  very  well  the  geometry  of  the  flame  in  the 
presence  of  gravity.  On  the  contrary,  in  microgravity,  the  stationary  model  is  not 
capable  of  describing  neither  the  geometry  of  the  flame  nor  the  periodic  development 
of  reactive  zones  in  the  direction  perpendicular  to  the  forced  flow  plane.  A  simple 
scaling  analysis,  with  diffusion  neglected,  seems  to  predict  better  the  nature  of  the 
flame  in  microgravity  [2].  By  comparing  the  analysis  to  the  numerical  solution  and 
experimental  results,  the  limitations  of  the  model  are  identified.  It  is  clear  that  the 
model  properly  describes  the  structure  of  the  buoyancy-induced  flow  and  that  the  effect 
of  buoyancy  dominates  the  physical  structure  of  the  flame,  which  the  numerical  model 
is  incapable  of  describing.  Buoyancy  is  therefore  the  controlling  factor  determining 
the  geometry  of  the  flame  in  normal  gravity,  and,  in  its  absence,  a  time- dependent 
interaction  between  a  finite-rate  chemical  reaction  and  the  species  equations  seems  to 
be  necessary  to  properly  describe  the  geometry  and  structure  of  the  flame. 
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Figure  1:  Dependencies  of  flame 
speed  on  expansion  ratio.  Points 
—  experiment,  cmves  —  calcula¬ 
tion:  1  —  15%  K2-fair,  x  =  2.8, 
/3  =  2.8  •  10-3;  2  -  13%  Hj-i-air, 
X  =  2.8,  /3  =  2  •  10-3;  3  _ 
Hz-fair,  x  =  2.8,  =  1.3  •  10-3;  4  _ 

10%  Hz-fair,  x  =  2.8,  /3  =  4  •  10'^ 


Foam  combustion  is  a  complex  physic¬ 
ochemical  phenomenon  involving  such  ele¬ 
mentary  pheriomeha  as  foam' destruction, 
.formation  of  liquid  aerosol,  combustion  of 
the  gas  released  from  the  foam  etc.  A 
number  of  processes  accdmpanying  foam 
combustion'  is  responsible  for  the  distinc¬ 
tive  features  of  combustion  wave  propaga¬ 
tion  (1,  2]. 

One  feature  of  combustion  of  water- 
based  foams  is  nomnonotonic  dependence 
of  the  flame  speed  S  on  the  expansion 
ratio  K  including  the  range  of  K  where 
increase  in  K  results  in  a  decrease  in  S 
(Fig.  1).  This  has  been  shown  to  be  due 
to  the  effects  of  heat  transfer  from  the  gas 
to  focim  films  and  aerosol  droplets  forming 
upon  the  destruction  of  foeim  by  the  flame 
as  described  by  the  model  developed  in 
this  work. 

Foam  combustion  is  modeled  as  a 
steady-state  gas  combustion  with  ad¬ 
ditional  heat  flux  to  liquid  films  and 
droplets.  Let  us  make  the  following  sim¬ 
plifying  assumptions. 


1.  The  heat  consumed  by  droplets  and  films  is  consumed  by  their  evaporation.  The 
energy  consumed  by  heating  of  droplets  and  fihns  is  insignificant  for  the  totcil 
heat  balance. 


2.  Relatively  large  droplets  are  considered,  so  that  their  evaporation  in  the  flame 
front  does  not  noticeably  change  their  size. 

3.  The  increase  in  the  mass  of  gas  due  to  the  evaporation  of  droplets  and  films  is 
inconsequential  for  the  total  balance  of  gas  mass. 
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4.  The  flame  front  in  each  region  is  considered  to  be  plane  and  laminar.  The  total 
increase  in  combustion  surface  area  due  to  the  burn  out  of  gas  bubbles  is  taken 
intfli-accdunt  :by  the  empirical  tufbulizatioit  factor )(;. 

5.  Discreteifoam  lUms  are  replaced;by,an  imagin^y  continuous  film,  the  heat  transfer 
to  which  equals  the  volume-averaged  heat  transfer  to  reed  films, 

6.  Three  flame  zones  are  introduced: 

•  .the  preheat  zone  (*  <  0), 

«  i  ^  V  ■  ' 

•  the  narrow^ -  chemical  reaction  zone  {x  =  0),  and 

•  "the  heat  relaxatiori'zdrte  (*'>  0). 

After  the  .films  have  been  destroyed-,  they  are  spontaneously  dispersed  to  form  an 
aerosol.  Starting  from  the  coordinate  -xi,  foam  combustion  is  considered  as  gas 
combustion  with  distributed. water  droplets. 

The  equations  of  energy  and  mass  balances  for  the  system  under  study  are 
dT  d  (  dT\ 

«l  =  =  Mudir,(T  -  TJ 

(T-T 

Qs  =  vANudinCu;- — n 


Q^  =  ir\Nudxn^^  J{T-T,)dx 

-XL 

da  d  /  ^da\ 

where  po,c,\,  and  D  are  the  density,  specific  heat,  heat  conductivity  and  diffusivity  of 
the  gas,  a  is  the  relative  mass  concentration  of  the  fuel,  Nu  is  the  Nusselt  number,  Cu, 
is  the  specific  heat  of  water  vapor,  Q  and  W  are  the  heat  release  and  chemical  reaction 
rate,  respectively,  n  is  the  droplet  number  density,  di  is  the  mean  droplet  diameter. 
Pi  is  the  density  of  detergent  solution,  /3  is  the  coefficient  that  takes  into  accotmt  a 
part  of  film  liquid  to  be  evaporated  due  to  film  destruction,  u„  is  the  burning  velocity 
of  foam,  H  is  the  heat  of  evaporation.  Term  Qi  pertains  to  the  heating  of  the  water 
vapor  formed  by  evaporated  foam  films,  and  term  Q4  to  that  from  evaporated  droplets. 
Term  Q2  is  the  heat  transfer  to  droplets,  and  term  Q3  is  due  to  the  heating  of  the 
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vapor,  resultingffrbmr'dropletsj  fromJtHe'tempe'rature' of' di'oplet^^surface  Ta  to  the  gas 
temperature  T.  The  boundary  conditions  are 


’X  •=  r-*2,'r 

^dT  ^  xPnSfiiP  , 

,  %, :  K,  ■: 

idu  ' . 

'  ^dx  ‘  ■ 

a:  =  0  -f  0  : 

II 

dT  '  ’  ■ 

da 

where  Qp  is  the.  heat  <flux.  .from  the^chemical  reaction  zpne  to  the  dieat-  relaxation  zone 
{qp  iS;obUined,as.a,residt  of. calculation), .A^ds. the  heat  conductivity  at  T  =  T),. 

Assuming  the  Arrhenius  dependence  of  W  on  temperature  and  the  similarity  of 
the  profiles  of  fuel  temperature  and  concentration  and  integrating  Eq.  (1),  we  get  the 
expressions  for  the  flaime  m««dmum  temperature  Tb  and  the  flame  speed  S': 


(tfc°  -  Tb) 


1  + 


(tb  r  vTolCy 
H 


'PXPjH  6di{Tb  -  To)X{Nuk^  -  NuikI) 
ifpoc  ird3«2{l+E) 


5  =  xu°exp 


E{Tb-TS) 

2RiT,y 


F- 

Kpoc 


(2) 


Here)  and  are  the  flame  temperatxire  and  the  burning  velocity  of  gas  filling  foam 
bubbles,  Nu  and  k  are  the  Nusselt  number  and  heat  conductivity  in  the  preheat  zone, 
Nui  and  kj,  are  those  in  the  combustion  products,  E  is  the  activation  energy,  da  is  the 
mean  cubed  droplet  diameter. 

Set  of  Eqs.  (2)  was  solved  numerically  and  the  results  were  compared  with  the  mea¬ 
sured  dependencies  of  the  flame  speed  on  expemsion  ratio  for  various  foams.  Parameters 
X  and  p  were  chosen  by  the  best  agreement  with  experimental  dependencies.  The  nu¬ 
merical  resvJts  for  S{K)  are  shown  in  Fig.  1  by  lines.  We  notice  from  Fig.  1  that  the 
proposed  model  adequately  describes  all  the  basic  features  of  flame  speed  dependencies 
on  expansion  ratio. 

The  authors  wish  to  thank  the  Russian  Foundation  for  Fundamental  Research  for 
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TEMPERATURE  FLUCTUATIOINS  AND  ITS  INFLUENCE  ON 
NO  PREDICTIONS  FOR  A  GAS  iFLAME 

A.  Beretta*,  N.  Mancini*,  F.  Podenzani*,  L.  Vigevano^ 

**ENTRICERGHB,  20097‘S:  Doriato  Milanese  (Mildn)i  liily 
^ DiparUmeniO‘di  Ihgegneria  'Aerdspdzidlc,  PoUtechicb  dt  Milan,  Via  Golgi  1,6,  S013S  Milan, 

Haly 

An  experimental  and  theoretical  study  has  been  carried  out  to  investigate  the  in¬ 
fluence  that  the  statistical  description  of  temperature  fluctuations  has  on  the  total  NO 
emission  predictions  in  a  non-premixed  gas  flame.-  A  small-scale  cylindrical  combustor 
has  been  simulated,  using  an  existing  CFD'  code  which  describes  the  flow  and  com¬ 
bustion  processes,  supplemented  with  a  decoupled  NO  kinetics  model  that  solves  the 
transport  equation  for  the  average  NO  mass  fraction.  The  computed  results  are  then 
compared  with  in-flame  measurements  of  temperature  and  species  concentrations. 

The  combustion  model  integrates  the  transport  equations  for  the  Favre- averaged 
values  of  the  mass  fraction  of  all  but  one  of  the  chemical  species  included  in  the  assumed 
kinetic  mechanism.  In  the  present  study,  a  two-step-  global  oxidation  reaction  mecha¬ 
nism  was  considered.  The  average  rate  of  formation/ destruction  of  the  t-th  species  due 
to  the  two  reaction  steps  was  controlled  either  by  an  Arrhenius  kinetic  rate  expression 
or  by  the  mixing  of  turbulent  eddies  related  to  fluctuating  species  concentrations  [1], 

The  formation  of  thermal  NO  was  represented  by  the  classical  extended  Zel’dovich 
mechanism,  with  an  additional  equilibriiun  hypothesis,  in  order  to  express  the  0  atom 
conceiitration  in  terms  of  molecular  oxygen  concentration.  This  assumption  is  usually 
introduces  in  simulations  of  complex  tmbuient  flames,  when  the  simple  combustion 
model  employed  precludes  the  knowledge  of  the  radical  pool.  Prompt  NO  was  governed 
by  the  global  mechanism  proposed  by  De  Soete.  The  average  production  term  S no  was 
computed  using  the  instantaneous  NO  formation  rate  and  taking  into  account  the  effect 
of  turbulent  fluctuations  of  temperatiue.  Using  a  statistical  approach  and  assuming 
the  gas  temperature,  suitably  normalized,  to  be  the  independent  variable,  the  mean 
turbulent  reaction  rate  Sno  was  computed  as  follows: 

0 

The  assumed  shape  for  the  density-weighted  pdf  P{9)  is  a  beta-function  with  coeffi¬ 
cients  related  to  the  mean  value  9  and  to  the  variance  9"^  of  the  normalized  temperature. 


232 


-r-Jh 

i5^»»ja(SiW^»w^>WCT^aww 


m 

m 


ZEL’DOVICH  MEMOMAL5  JJ_-i7  5^^ 


Vcirious  approaches  to  computing  the  second  moment  6"^  were  employed.  The  first 
two  lead  to  algebraic  expressions  obta,ined  by  either  simply  taking  the  variance  equal 
to  a  c6ns,t?mCjfraction  ,6f^’its5maidmum'i6cab^ue'pf  assujmhg  bqhi^  between  the 
production  ar^d  the'di'ssipation  fermkiathe  sec6hd'm6meht*-tr^.?EP#!®^d^ti6n  [2].  The 
third,  more  rigorous,  approaches  based  on  the  solution  of  the  transpdfbequation  for  the 
second  moment  of  the  sensible  enthalpy  [3],  which  is  then  related  to  the  temperatme 
variance. 


Special  care  had  to  be  taken  of  the  source  term  h"Sk  in  the  enthalpy  variance  equa¬ 
tion,  resulting  from  the  source  term  in  the  enthalpy  conservation  equation;  Sh.  is 
the  sum  of  two  contributions,  Sh  =  Sc  +  Sr-  The  5r  term  is  responsible  for  radia¬ 
tion,  Sr  =  Qa  -  kacT*,  where  Qa  is  the  absorbed  radiant  energy,  in  the  radiation 
model;  a  flux  model  was  applied  in  this  study.  The  Sc  term  is  due  to  combustion, 
Sc  =  fSjRjAhnj,  where  Rj  is  the  rate  of  the  j-th  combustion  reaction  considered, 
expressed  in  the  Arrhenius  form,  and  Ahijj  is  the  corresponding  thermal  effect  of 
reaction.  The  factor  f  reflects  the  influence  of  turbulent  mixing  on  the  combustion 
process.  In  a  previous  investigation  of  preraixed  combustion  [2],  /  Was  chosen  to  rep¬ 
resent  the  fraction  of  turbulent  fine  structiues  in  the  total  gas  mass.  In  the  present 
work  on  diffusion  flames,  the  latter  choice  in  the  computation  leads  to  abnormally  high 
values  of  the  temperature  variance.  An  indication  of  the  influence  of  turbulence  on 
combustion  can  be,  however,  derived  from  the  combustion  model  itself,  where  the  re¬ 
action  rate  is  considered  to  be  the  lower  ov..-.  of  the  kinetics-controlled  rate  Rk  and  the 
diffusion- controlled  rate  Rd.  The  factor  /  is  then  computed  f  —  Rdj Rk- 

Since  the  high  values  of  the  temperature  fluctuations  that  characterize  the  combus¬ 
tion  region  make  a  linear  approximation  rather  inaccurate,  the  exact  forms  for  Sc  and 
Sr  are  retained,  and  the  source  term  h"Sh  is  computed  iteratively  by  convolution  with 
the  density-weighted  pdf. 

The  temperature  and  NO  distributions  computed  with  the  above  models  are  com¬ 
pared  with  experimental  data.  The  experiments  were  performed  in  a  cylindrical  water- 
cooled  furnace,  0.6  m  in  dieimeter  and  2.0  m  long.  The  furnace  was  operated  with 
a  gas  burner,  designed  by  IFRF,  at  the  heat  input  of  450  kW.  Methane  was  injected 
through  a  circumferential  array  of  holes  in  the  central  bluff  body  perpendicularly  to  the 
swirling  air  stream.  The  swirl  number  was  set  equal  to  0.5  and  the  air  excess  to  5%. 
Temperature  and  species  (O2,  CO2,  CO,  NO,  NO®)  concentration  data  were  obtained 
using  suction  probes  and  standeird  instrumentation. 

The  computed  stream  function  and  temperature  fields  are  shown  in  Figs.  1  and  2, 
where  strong  expansion  of  the  swirling  jet  and  a  large  axial  recirculation  region  can  be 
observed.  Figure  3  compares  the  computed  and  measured  temperature  distributions 
at  two  different  locations  of  the  furnace.  The  comparison  with  experimental  data  also 
allows  us  to  ascertain  the  influence  of  the  temperature  variance  calculation  procedure 
on  the  emission  predictions.  For  the  sake  of  brevity,  only  the  results  obtained  using  the 
modified  differential  approach  are  shown  in  Fig.  4. 
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Figure  1;  Computed  streamlines  inside  the  furnace. 


Figure  2:  Temperature  distribution  inside  the  furnace. 


Figure  3;  Temperature  distributions  at  two  locations  in  the  furnace  (symbols:  experi¬ 
ments,  solid  line:  computation). 
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Figure  4:  NO  concentration  distributions  at  two  locations  in  the  furnace  (symbols: 
experiments,  solid  line:  computation). 

We  conclude  that  modeling  of  the  variance  transport  equation  i?  required  to  obtain 
correct  NO  predictions,  and  computed  results  are  sensitive  to  the  method  by  which  the 
combustion  contribution  to  the  variance  source  term  is  handled. 
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THE  HELICAL  STRUCTURE  OF  A  FLAME  IN  A  SWIRL  PLOW 

A.  A.  Borissov,  P.  A.  Kuibin,  V.  L.  Okulov 

Insiiiuie  of  Thermophysics,  Novosibirsk,  Russia 

One  way  to  stabilize  a  flame  is  to  swirl  the  flow  of  a  mixture.  A  theoretical  model 
providing  a  means  to  describe  the  flame  shapes  arising  in  this  case  is  presented  here. 

The  statement  of  the  combustion  problem  here  is  similar  to  the  kinematic  statement 
put  forwzud  by  Ya.  B.  Zel’dovich  [1].  Suppose  the  flow  is  steady,  and  combustion 
proceeds  at  the  flame  front  to  be  determined.  The  flame  propagation  does  not  change 
the  gas  properties.  The  flame  surface  moves  relative  to  the  gas  along  the  normal  to  its 
own  surface  at  a  certciin  normal  burning  velocity. 

In  contrast  to  Ya.  B.  Zel’dovich,  let  us  consider  the  combustion  of  swirling  gas  in  a 
cylindriccd  tube.  A  very  simplified  hydrodynamic  model,  namely  Rankine  vortex,  was 
used  to  approximate  the  swirl  flow  in  the  preceding  works  [2].  Indeed,  the  flow  with  a 
strong  swirl  and  non-zero  axial  velocity  must  have  a  helical  structure,  which  was  not 
taken  into  consideration  previously.  Here,  the  investigation  is  based  on  a  new  analytical 
solution  derived  by  the  authors  for  the  problem  of  the  swirl  flow  induced  by  the  helical 
vortex  in  the  cylindrical  tube  (3].  The  problem  was  solved  within  the  framijwork  of 
the  theory  of  inviscid  incompressible  flows.  The  authors  have  derived  new  analytical 
formulas  for  all  components  of  the  velocity  induced  by  an  infinitely  thin  helical  vortex 
filament  in  the  tube.  The  exact  solution  was  written  out  as  infinite  series  in  terms  of  the 
modified  Bessel  functions.  The  leading  terms  of  the  series  were  collected,  and  original 
expressions  in  terms  of  elementary  functions,  approximating  the  exact  solution  very 
well,  were  found.  The  next  step  in  [3]  was  to  extend  the  results  obtained  to  a  vortex 
with  uniform  core  of  finite  cross  section.  The  azimuthal  average  velocities  were  only 
derived  for  this  case.  Nonetheless,  these  showed  excellent  agreement  with  experimental 
data. 

Here,  we  restrict  our  analysis  to  the  case  of  a  rectilinear  vortex,  taking  into  account 
the  helical  structure  of  the  flow.  This  implie:  ‘bat  the  transverse  velocity  profile  is  the 
same  as  for  the  Rankine  vortex.  However,  the  axial  velocity  profile  is  parabolic  inside 
the  vortex  core  8md  uniform  outside  it. 

This  velocity  distribution  allows  us  to  consider  two  combustion  regimes:  trans¬ 
lational  propagation  of  the  flame  front  along  the  tube  axis  (termed  here  the  normal 
combustion)  and  helical  propagation  (the  helical  combustion).  In  the  first  case,  the 
flame  surface  propagates  along  the  tube  axis  and  does  not  depend  on  the  transverse 
coordinate.  In  the  second  case,  the  flame  propagates  along  helical  lines  with  the  same 
pitch  as  that  of  the  helical  flow  structure.  The  flame  front  shape  is  governed  by  a 
known  equation  of  surface  evolution  including  kinematic  addition  of  velocities  and  the 
Huygens’  principle. 
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Eet  us  investigate  the  flame  shape  for  the  case  of  normal  combustion,  assuming 
that  the  direction  of  the  flame  front  motion  coincides  with  the  flow  direction.  If  the 
axial  velocity  reaches  a  maximmn  value  at  the  tube  axis  (which  corresponds  to  posi¬ 
tive  swirling  direction),  the  flame  shape  is  qualitatively  similar  to  that  determined  by 
Zel’dovich  [1].  Otherwise,  when  the  swirl  is  negative,  we  obtain  a  flame  surface  in  the 
form  of  cone.  The  protruding  part  of  the  flame  has  the  shape  of  a  flat  ring  occupying 
the  area  of  the  vortex  exterior.  The  cone  height  is  proportional  to  the  vortex  core  size. 

In  the  case  of  helical  combustion,  the  flame  surface  is  of  helical  shape  with  the  same 
pitch  as  mentioned  above.  The  theory  developed  here  can  also  explain  the  occurrence 
of  flames  in  the  shape  of  hollow  cylinders  [4].  We  used  the  paper  [4]  to  validate  our 
models  since  it  contained  data  on  the  measured  flow  angle.  Calculation  of  the  steady- 
state  flame  shape,  based  on  the  model  of  normal  combustion,  resulted  in  a  frustum  of 
a  cone  surface  adjoining  the  tube  wall.  This  contradicts  the  experimental  data. 

Using  the  model  of  helical  combust  n  in  calculations  yields  a  flame  not  adjoining 
the  tube  walls.  In  this  case,  the  flame  shape  is  a  part  of  a  helical  surface  with  a  small 
angle  of  deviation  from  the  axis.  One  can  interpret  the  flame  shape  as  the  hollow 
cylinder  here,  because  of  the  large  pitch  of  the  helical  surface  and  the  si  ■>all  ’-.dination. 

In  practice,  the  overlapping  sections  of  the  helical  surface,  where  vue  burning  is 
physically  impossible,  are  not  visible.  Thus  the  flame  shape  seems  to  b(  a  thin  and 
narrow  ribbon  screwed  into  heli-like  surface.  The  ’’corrugated  flame”  m  [5]  can  be 
explained  in  terms  of  the  model  constructed  here.  Our  model  of  the  hel’Cdi  combustion 
is  also  in  complete  agreement  with  the  flame  surface  in  the  shape  of  screwed  ribbon, 
obtained  in  experiments  [6,  7). 

Thus,  new  models  describing  the  velocity  field  and  flame  shape  for  the  normal  and 
helical  propagation  of  a  flame  front  have  been  constructed.  It  has  been  shown  for 
the  first  time  that  the  steady-state  helical  combustion,  contrary  to  normal  one,  yields 
extraordinary  flame  shapes,  such  as  the  helical  surface  or  the  hollow  cylinder  observed 
in  experiments. 

This  work  was  supported  by  the  Russian  Foundation  for  Fundamental  Research, 
Grant  No.94-02-05812-a. 
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COMBUSTION  PROCESS  IN  THE  CONCEPT  OF  PULSED  JET 
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Introduction 

The  concept  of  Pulsed  Jet  Combustion  (PJC)  proposed  by  Oppenheim  [1]  for  in¬ 
ternal  combustion  engines,  refines  the  open  chamber  —  direct  injection  —  stratified 
charge  concept.  The  combustion  process,  once  started  in  prechamber,  is  then  extin¬ 
guished  at  efflux  from  the  orifice  between  the  prechamber  and  the  cylinder  head  space. 
Later  on,  combustion  revives  in  the  turbulent  vortices  created  by  the  high-speed  jet. 
The  PJC  concept  implies  that  active  radicals  in  the  burning  vortices  maintain  a  suf¬ 
ficiently  high  temperature  during  mixing  with  the  fresh  gas  and  give  rise  to  multiple 
ignition  sources.  The  latter  fact  is  of  essential  significance,  since  the  combustion  pro¬ 
cess  becomes  apparently  distributed  rather  than  propagating  in  the  mode  of  a  turbulent 
diffusion  flame. 

Thus,  the  PJC  concept  is  based  on  the  idea  of  a  two-step  combustion  process: 

•  the  first  step  provides  a  high-speed  turbulent  jet  of  combustion  products  contain¬ 
ing  active  radicals; 

•  the  second  step  is  reignition  followed  by  sustained  formation  of  multiple  ignition 
sites  in  vortices. 

The  paper  describes  an  idealized  (i.e.,  adiabatic)  zero- dimensional  thermochemical 
model  for  the  two-step  combustion  in  the  PJC  system. 

Formulation 

The  combustion  system  under  study  consists  of  the  main  chamber  of  volume  V°  and 
the  prechamber  of  volume  Vp.  Prior  to  ignition,  the  former  is  filled  with  a  homogeneous 
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fuel-air  mixture  with  specified  molar  concentrations  of  components;  j/ofet  while  the  latter 
is  filled  with  a  homogeneous  mixture  of  different  composition  with  concentrations  ypk- 
Initial  temperature  and  pressure  in  the  system  are  T“  and  p°. 

The  diameter  of  the  orifice  between  the  prechamber  and  the  main  chamber  is  . 
After  ignition  in  the  prechamber,  a  tiirbulent  plume  is  created  in  the  main  chamber  by 
the  jet  of  combustion  products.  The  plume  is  composed  of  multiple  vortices  of  various 
sizes.  Combustion  is  resumed  in  the  vortices  due  to  the  naixing  of  the  high-temperature 
combustion  products  with  the  cold  fresh  mixture.  The  vortices  grow  in  size  by  engulfing 
new  portions  of  fresh  mixture  and  thermal  expansion  due  to  the  chemical  reaction.  The 
combustion  process  terminates  when  the  entire  mixture  has  burned  out. 

To  model  the  combustion  process  in  the  system,  the  following  simplifying  assump¬ 
tions  have  been  adopted; 

•  the  prechamber  mixture  burns  vmder  constant  volume  conditions; 

•  combustion  products  have  a  thermodynamically  equilibrium  composition; 

•  expansion  of  prechamber  combustion  products  is  isentropic; 

•  both  fuel-2iir  mixture  and  combustion  product®  obey  the  equation  of  state  of  a 
perfect  gas; 

•  pressure  is  uniform  throughout  the  system; 

•  heat  losses  to  the  walls  are  negligible; 

•  mixing  and  reaction  of  the  fresh  mixture  with  combustion  products  proceed  si¬ 
multaneously; 

•  vortices  are  spherical  and  similar  in  size; 

•  vortices,  once  having  appeared,  do  not  disappear  or  multiply; 

•  chemical  reaction  is  of  one-step  Arrhenius  type. 

The  j-ib  vortex  is  characterized  by  the  following  properties:  the  vortex  diameter  dj 
(or  volume  Vj),  the  entrainment  velocity  across  the  vortex  boundary  Uj,  the  vortex  mass 
mj,  the  vortex  temperature  Tj,  and  the  molar  concentration  of  the  fc-th  component. 
The  process  of  engulfing  the  fresh  mixture  is  modelled  by  the  equation 

drrij  =  nijdt  =  xTfd^poUjodt.  (1) 

Henceforth,  the  suffix  0  denotes  unburned  mixture  properties,  t  is  time,  p  is  the  density, 
X  is  the  coefficient  introduced  here  for  taking  into  account  the  engulfing  of  burned 
gas  from  neighbouring  vortices.  For  a  set  of  similar  vortices  we  assume  that  x  — 
(y°  -  Vb)IV°,  where  Vj,  is  the  volume  of  burned  gas. 
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Oheinical  conversion  in  a  vortex  is  governed  by  the  net  reaction  rate  of  Arrhenius 
type  with, the  rate  constant 

Within  the  framework  of  the  assumptions  adopted,  the  equations  for  pressure,  vol¬ 
ume  and  average  temperature  of  the  y-th  vortex  are: 
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In  the  above  equations,  R  is  the  gas  constant,  h  is  the  enthalphy,  m  is  the  mass,  nj 
is  the  number  of  components  in  the  gas,  pi,  is  the  molecular  mass,  Cpk  is  the  specific 
heat  at  constant  pressure,  is  the  component  formation  enthalpy,  Nj  is  the  number 
of  moles  in  the  y-th  vortex,  i  -  (7  -  l)/7  with  7  being  the  specific  heat  ratio  of  the 
unburnt  gas. 

Results  and  Discussion 

As  an  example,  combustion  of  a  stoichiometric  methane-air  mixtme  is  considered 
imder  the  following  conditions:  p°  =  10^  Pa,  =  3  •  10“^  m®,  Vp  —  i  •  10“®  m^, 
T°  =  332  K.  The  entrainment  velocity  uoj  was  assumed  constant  uoj  =  uq,  the  initial 
size  of  vortices  dj{t  =  0)  =  d{t  =  0)  =  D°. 


J)  —  ~  i)TnoRoTo  ^ 

p^  . 
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The  reaction  equation  is  taken  in  the  form  [2] 

<^[CH4]  f/itj  ur»  lO.s 


=  -kAlcMOif 


where 


kA  =  4.8  •  10®T(p  •  0.987%0-®)°-^exp  , 


[CH4]  and  [O2]  are  the  concentrations  of  methane  and  oxygen  in  mole/(cm®-K). 

To  close  the  set  of  governing  equations  the  following  equations  of  balance  for  CH4, 
O2)  N2,  CO2,  and  H2O  concentrations  are  used: 

dNj  =  Adruj, 


dycHd  -  -  ycHd^  ~  ^AMj^^ycHdyod^iy 


dycod  =  - 


dyutOj  - 


dyNii  -  ( - yNd^ 

N) 


+  kAMy^ycHdVOijdt^ 

+  2kAMj^^yci{dyo2idt, 


HOj 

where  Mj  =  10^ Nj/Vj  is  the  molar  concentration  of  mixture  in  the  j-th  vortex,  Xk 
denotes  the  mass  concentration  of  the  fc-th  component  in  the  burned  mixtme.  The 
balance  equations  (4)  indicate  that  species  concentrations  in  the  j-th  vortex  vary  due 
to  mixing  and  chemical  conversion. 

The  set  of  governing  equations  was  solved  numerically  using  the  standard  Runge- 
Kutta  method.  The  STANJAN  code  [3]  was  used  to  estimate  equilibrium  compositions 
and  thermochemical  parameters. 

At  fixed  geometry  and  thermodynamic  initial  conditions,  for  a  specified  fuel-air 
mixtxire,  the  solution  of  Eqs.  (1)  to  (4)  contain  a  single  dimensionless  governing  param¬ 
eter  a  =  tchliD°luo),  where  tch  =  is  the  characteristic  chemical  time, 

D° I uq  is  the  characteristic  time  of  turbulent  mixing.  Our  calculations  revealed  that  the 
dependence  of  pressure  p/p°  on  the  dimensionless  time  tuo/d  shows  a  bifurcation  be¬ 
havior  at  a  =  a.  =  1.9-10~®.  At  o  <  a,  the  solution  of  the  problem  is  represented  with 
a  good  approximation  by  a  unique  curve  1  in  Fig.  1,  whereas  at  q  >  a»  mixture  ignition 
fails,  and  p/p°  =  1  (curve  2  in  Fig.  1).  Curve  3  in  Fig.  1  corresponds  to  the  almost 


I 


.V 


F 


ZEL’DOyiGH  MEMORIAL,  12-17  September  1994 


PIP'' 


Figure  1;  Predicted  pressure  histories  in  the  constant-volume  adiabatic  PJC  system 
depending  on  the  dimensionless  parameter  a  =  tch{D° luo)~^  ■  Curve  1  represents 
solutions  with  a  <  a,,  curve  2  with  a  >  a,,  curve  3  with  a  =  0.995a,,  where  a,  = 
1.9  •  10“®  is  the  critical  value  of  a. 

critical  case,  a  =  0.995a..  The  absence  of  heat  loss  in  the  model  results  in  monotonous 
pressure  increase  to  the  thermodynamic  value.  Qualitatively,  the  predicted  pressure  vs 
time  dependence  corresponds  with  the  experimental  findings  of  [1].  The  model  allows 
to  study  the  effect  of  turbulence  eind  mixture  composition  on  pressure  history  in  the 
PJC  system  as  well  as  NO*  formation. 

Conclusion 

A  zero-dimensional  thermochemical  model  of  PJC  system  has  been  proposed.  The 
model  yields  the  rate  of  pressure  rise  depending  on  the  parameters  of  the  turbulent  jet 
plume.  Further  improvement  of  the  model  with  due  regard  for  vortices  size  distribution 
and  heat  loss  is  projected  to  better  represent  the  real  conditions.  The  model  is  planned 
to  be  used  for  studying  NO*  formation  in  PJC  system. 
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Introduction 

The  concept  of  Pulsed  Jet  Combustion  (PJC),  proposed  by  Oppenheim  [1]  as  an 
alternative  mode  of  energy  release  in  stratified-charge  internal  combustion  engines, 
shows  a  number  of  practical  advantages.  Based  on  the  fundamental  ideas  of  Gussak, 
Semenov  and  Zel’dovich  concerning  the  role  of  active  radicals  in  the  torch  mechanism  of 
ignition  and  flame  propagation,  the  PJC  concept  implies  a  staged  combustion  process: 

•  the  flame  generated  in  a  prechamber  is  extinguished  by  shear  at  efflux  from  the 
orifice  between  the  prechcimber  cind  the  main  chamber; 

•  combustion  is  spontaneously  reinitiated  in  the  main  chamber  in  the  core  of  the 
hot  turbulent  jet. 

According  to  [1],  further  chemical  transformations  in  the  main  chamber  occur  in  a 
fireball,  i.e.  via  distributed  combustion  sustained  by  multiple  pockets  of  high  concen¬ 
tration  of  active  radicals.  Of  prime  importance  are  the  entrainment  processes  resulting 
in  the  fireball  growth. 

It  should  be  emphasized  that  the  fireball  mode  of  combustion  differs  in  principle 
from  turbulent  propagating  flame  mode.  The  latter  is  characterized  by  laminar-like  av¬ 
erage  structui  e  with  certain  characteristic  thickness  of  the  turbulent  reaction  zone.  The 
turbulent  propagating  flame  mode  is  assumed  in  the  most  stratified  charge  concepts. 
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This  paper  reports  a  3D  computer  modeling  of  the  PJC  system  behavior,  focusing 
on  the  evolution  of  exothermic  processes. 

PJC  System  Geometry 

The  PJC  system  is  assumed  to  consist  of  the  main  combustion  chamber  and  two 
identical  opposed  jet  prechambers.  The  main  combustion  chamber  is  a  cylinder  of 
8.26  cm  bore,  10  cm  in  height,  and  total  volume  ss  536  cm®.  The  prechamber  is  of  the 
same  design  as  reported  in  [1].  It  consists  of  a  cylindrical  cavity  «  1  cm®  in  volume  and 
a  co-axial  tubular  electrode  perforated  (32  orifices)  for  charge  inlet.  The  orifice  plates 
between  the  prechambers  and  the  main  combustion  chamber  are  2.5  nun  in  diameter. 
The  orifices  are  sharp-edged,  0.5  mm  thick.  The  prechambers  are  affixed  to  the  main 
chamber  at  height  9  cm.  Initially,  the  PJC  system  is  filled  with  propane-air  mixture 
of  equivalence  ratio  0.6  at  pressure  5  bar  and  temperature  60  °C. 

At  t  >  0,  propane-air  mixtxire  of  equivalence  ratio  1.5  is  injected  through  the 
perforations  in  the  prechambers.  The  injection  persists  for  10  ms  at  the  mass  flow 
rate  0.332  kg/s.  At  t  =  tign  =  10  ms,  the  rich  mixture  remaining  in  the  prechambers 
is  ignited  by  a  spark.  The  ignition  point  is  located  at  the  outlet  orifice  inside  the 
prechamber. 

Modeling 

A  set  of  3D  conservation  equations  of  mass,  momentum  and  thermal  energy  serves 
as  the  basis  of  the  mathematical  model. 

The  variables  in  the  governing  equations  are  expressed  in  terms  of  mean  and  fluctu¬ 
ating  components.  The  subsequent  averaging  process  generates  unknown  correlations 
of  the  products  of  the  fluctuating  components.  The  unknown  correlations  are  modeled 
within  the  framework  of  the  standcird  k-e  model.  The  k-e  model  involves  additional 
partial  differential  equations  for  the  turbulent  kinetic  energy  k  and  its  dissipation  rate 
e  =  Cy^k^l^Hu  where  C7^  =  0.09  is  an  empirical  constant  and  k  is  the  turbulence 
length  scale.  The  initial  conditions  for  the  turbulence  model  in  the  present  case  are: 
/t  =  1  mm,  I:  =  1  m®/s®.  Appropriate  boundary  conditions  are  also  imposed.  Semi- 
empirical  “laws  of  the  wall”  are  invoked  for  the  dependent  variables  in  the  near  wall 
region. 

Turbulence-Controlled  Combustion  Model 

The  combustion  model  employed  is  the  turbulence-controlled  model  proposed  in 
[2].  This  model  assiunes  that,  in  premixed  turbulent  flames,  the  reactants  (fuel  and 
oxygen)  are  contained  in  the  same  eddies  and  are  separated  from  the  eddies  containing 
hot  combustion  products.  Since  the  chemical  time  scales  are  very  short,  as  compared 
with  those  of  turbulent  transport  processes,  it  can  be  assumed  that  the  rate  of  combus¬ 
tion  is  determined  by  molecular  mixing  of  the  eddies  containing  reactants  with  those 
contciining  hot  products,  in  other  words,  by  the  rate  of  dissipation  of  these  eddies. 
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The  mean  reaction  rate  can  thus  be  written,  in  accordance  with  [2],  as 


.ir.  ^  Cprypr\ 

r 'S’  1  +  S  j 


The  first  two  terms  of  the  ‘minimum  value  of’  operator  min(j/y,j,,yoj,/S,  {Cprypr)/{1  + 
S))  simply  determine  whether  fuel  or  oxygen  is  the  limiting  reactant,  and  the  third  is 
a  reaction  probability  which  ensures  that  the  flame  does  not  exist  in  the  absence  of 
hot  products.  Cju  and  Cpr  are  empirical  coefficients  and  tr  is  the  turbulent  mixing 
time-scale.  The  calculations  were  made  for  the  following  values:  Cfu  =  20,  Cp,  =  0.5, 
TR  =  5  - 10“®  s. 

The  ignition  event  was  modeled  by  introducing  a  kernel  of  hot  combustion  products 
of  fixed  size  at  a  certain- location. 

Numerical  Solution 

The  FIRE  code  developed  by  AVL  was  used  to  solve  the  governing  equations.  FIRE 
rewrites  all  the  equations  in  a  general  curvilinear  non-orthogonal  coordinate  system. 
The  individual  terms  of  partial  differential  equations  are  replaced  by  algebraic  expres¬ 
sions  obtained  by  integration  over  a  control  volmne  of  finite  size.  The  finite  volume 
discretization  leads  to  a  set  of  nonlinear  algebraic  equations  for  the  values  of  dependent 
variables,  such  as  velocities,  pressure  etc.,  at  the  centre  of  the  computational  me.sb 

Results  and  Discussion 

The  computational  grid  contained  about  16,000  spatial  cells.  The  predicted  density 
distributions  were  compared  directly  to  the  schlieren  records  of  jet  plumes  obtained  by 
means  of  the  dual  PJC  system  of  [1],  similar  to  the  one  used  in  our  study.  A  comparison 
between  the  predicted  and  measured  data  have  shown  a  good  quantitative  agreement 
until  t  =  15  ms,  which  is  an  indication  of  satisfactory  simulation. 

Figiue  1  shows  the  predicted  spatieil  profile  of  the  reaction  rate  at  t  =  12.5  ms.  It  is 
evident  that  the  exothermic  process  in  the  main  combustion  chamber  occurs  over  the 
entire  core  of  the  turbulent  jet  (i.e.,  in  the  fireball  mode).  In  contrast  to  the  combustion 
process  in  the  main  chamber,  the  process  in  the  prechamber  exhibits  features  of  a 
turbulent  flame.  The  maximum  outflow  velocity  from  the  prechamber  is  about  57  m/s 
at  t  =  12.5  ms. 

Figure  2  shows  the  .spatial  profile  of  the  reaction  rate  at  t  =  15  ms.  Apparently, 
the  distributed  exothermic  process  typical  for  t  =  12.5  ms  is  replaced  now  by  a  dis¬ 
tinctly  propagating  mode  of  combustion.  Flame  extinction  is  appeirent  at  the  exit  of 
the  high-speed  jet.  In  the  prechamber,  the  flame  propagates  counter  to  the  mass  flow. 
Therefore,  the  apparent  flame  velocity  is  substantially  lower  than  in  the  main  chamber, 
despite  the  fuel-rich  mixture  composition  in  the  former.  Note  that  the  thickness  of  the 
turbulent  flame  in  the  main  chamber  is  affected  by  the  computational  mesh  size  which 
grows  towards  the  periphery  of  the  chamber. 
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Figure  1;  Predicted  reaction  rate  distribution  in  a  single-orifice  dual  PJC  system  at 
2.5  ms  after  ignition. 


Figme  2:  Predicted  reaction  rate  distribution  in  a  single-orifice  dual  PJC  system  at 
5  ms  after  ignition. 
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Conclusion 

As  a  result  of  3D  numerical  simulation  of  the  PJC  system,  it  has  been  found  that 
turbulent  coiribustion  in  the  main  chamber  exhibits  two  distinct  modes,  namely  the 
fireball  mode  and  the  turbulent  diffusion  flame  mode.  The  fireball  mode  is  characteristic 
of  the  initial  stage  of  the  process,  while  the  turbulent  flame  dominates  at  later  stages. 
Further  studies  are  planned  with  the  view  of  improving  the  combustion  model. 
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I.  The  strong  nonlinearity  of  chemical  reaction  rates  as  the  main  problem  of  tur- 
brilent  combustion  theory  was  first  emphasized  by  Ya.  Zel’dovich  (1949):  the  mean 
reaction  rate  cannot  be  correctly  evaluated  in  terms  of  mean  flow  properties.  After  the 
advent  of  probability  density  function  (PDF)  methods,  the  problem  of  reaction  rate 
averaging  in  turbulent  combustion  modelling  appears  to  be  simplified.  Over  the  last 
30  years,  the  transport  equations  for  the  PDF  of  temperature  and  concentrations  have 
been  obtained  [1-3]  with  the  view  of  turbulent  combustion  applications. 

Combustion-flow  interactions  related  to  the  flame  present  a  similar  problem:  due  to 
the  strongly  nonmonotonic  form  of  density  function,  an  additional  density  —  velocity 
correlation  must  be  calculated.  The  latter  arises  as  a  direct  effect  of  mean  streamwise 
pressure  gradient  on  the  turbulent  variable-density  flow  through  selective  acceleration 
of  low  and  high  density  fluids.  This  problem,  known  as  the  one  of  flame-generated 
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turbulence,  has  prompted  both  numerical  and  experimental  studies  of  diffusion  flames 
[4-7].  Recently  [8-10],  a  method  designed  to  predict  turbulent  mass  fluxes  in  the 
presence  ol  ng  density  vwiation  was  proposed.  It  has  been  shown  that  a  fluctuating 
density  fielc'.  coupled  with  a  mean  presstue  gradient  (due  to  either  bouyancy  or  Eulerian 
inertiai  forces)  leads  to  self-turbulence  in  diffusion  flames.  All  the  papers  mentioned 
above  rely  on  different  assumptions  concerning  the  expression  for  conditionally  averaged 
velocities  (CAV). 

Alternatively,  the  transport  equation  for  CAV  can  be  derived  in  the  following  form: 
d{ui)c  ,  d{uiu^)^  ,  ^  ^  ^dlnP  ,  ,  d{uy)c 

--({„,), (1) 

where  p  is  the  density,  {ui)c  are  CAV,  P  is  the  PDF,  p  is  the  mean  pressure,  a  and  /3p 
are  micromixing  rates. 

To  obtain  a  continuous  distribution  of  intermediate  concentrations,  we  can  further 
express  the  second  micromixing  term  in  the  form  proposed  by  Kaminsky  for  the  PDF 
equation  derived  in  [1]: 


{u)c'  +  {u)e» 
2 


-/3  j  dc' j  dc"  ■  P{c')P{c") 


c  1 

’-[ I  P(c')(c  -  c')  dc'  -k  J  P{c"){c"  ~  c)  dc"] 


Finally,  the  vedues  of  P(c)  and  (u)c  calculated  from  transport  equations  are  used  to 
find  the  flame-generated  turbulence  defined  as 


7)  =  / 


'■P{c)dc. 


II.  The  numerical  ancilysis  of  a  simple-geometry  diffusion  flame  was  conducted  to 
simulate  the  effects  of  flame-generated  turbulence  using  Eqs.  (l)-(3).  We  considered 
a  fuel  jet  in  a  co-current  flow  of  oxidizer,  such  that  the  streamwise  negative  mean- 
pressure  gradient  is  constant.  It  was  assumed  that  a  one-step  irreversible  chemical 
reaction  proceeded  at  an  infinitely  high  rate;  the  molecular  heat  and  mass  transfer  was 
described  by  a  single  diffusivity  and  ie  =  1.  In  this  case,  the  thermochemical  state 
of  the  gaseous  mixture  is  completely  described  by  the  normalized  Shvab-Zel’dovich 
function  c  and  the  density  Ccin  be  taken  in  a  simple  form, 

0<c<cf:  p  =  Po  +  (Pf-Po)~;  (4) 
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Figure  1. 


c/  <  c  <  1  :  p  =  pf  +  {pi-  P{)^ 


C  —  Cj 

T^i 


The  boundary  conditions  for  the  computational  domain  of  a:  >  0,  y  6  [0,h]  are 

*  =  0,  y</i:  c  =  l,  p  =  pi  =  l; 

2  =  0,  y>h\  c  =  0,  p=  pQ=  1.5;  ^  ’ 

the  mixture  parameters  are  chosen  as  pf  =  0.2,  c/  =  0.15,  with  gradp  =  0.02.  A  typical 
example  of  density  distribution  is  given  in  Fig.  1. 
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-2.28- 
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Figure  2. 

The  governing  equations  were  formulated  without  boundary  layer  and  without  any 
gradient  approximation.  The  transport  equations  for  (u),  (v),  P{c),  (u'^),  (u'^}, 

{u'v')  were  solved  first,  with  the  third-order  moments  taken  to  be  zero.  Equation 
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(3)  was  then  used  to  obtain  {u)c  and  the  flame-generated  turbulence  intensity.  The 
tridiagonal  matrix  algebra  combined  with  Seidel  iterations  was  used  as  the  niimerical 
algorithm. 

As  an  illustration  of  the  computed  flame  characteristics,  Fig.  2  shows  the  mean  tem¬ 
perature  distributions  related  to  the  starting  temperature  (the  fuel  and  coflow  starting 
temperatures  were  taken  to  be  equal).  Note  that  the  maximum  temperature  i.*!  lower 
than  the  adiabatic  flame  temperature,  which  equals  5  here. 

We  have  compared  turbulence  intensities  in  the  diffusion  flame  to  those  calculated 
for  the  case  of  nonreactive  jet  mixing  with  monotonic  density  dstribution. 

Figure  3  illustrates  the  effect  of  self-turbulization  by  the  distributions  of 

{u'^)  =  {u%  - 

normalized  by  the  starting  velocity  squared.  We  can  see  the  longitudinal  turbulence 
intensity  generated  in  the  zone  of  maximum  temperatures  increase  in  the  downstream 
direction. 
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Figure  3. 
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Figure  4. 
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Figure  4  shows  the  distribution  of  intensity  due  to  the  flame-generated  turbuJence 
only,  CEilculated  by 

(n'}c  =  I  \{u%-{u)\P{c)dc,  (7) 

normalized  by  the  starting  velocity.  Note  that  the  selective  acceleration  of  the  low  and 
high  density  fluids  by  the  streamwise  mean  pressure  gradient  plays  a  significant  role  in 
the  process  of  turbulence  generation;  in  the  example  considered  here,  we  see  that  the 
flame-generated  intensity  of  turbulence  is  as  high  as  30%  (Fig.  4). 
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The  plumes  generated  by  large-area  fires  can  cause  major  local  perturbations  of  the 
atmosphere.  The  spread  of  significant  amounts  of  smoke  produced  in  the  fire  may  have 
climatic  and  environmental  consequences  [1]. 

The  dynamics  of  turbulent  convective  flows  of  viscous  compressible  heat-conducting 
gas  in  the  stratified  moist  atmosphere  above  big  fires  is  simulated  within  the  framework 
of  an  axisymmetric  finite- difference  field  model  based  on  the  Navie-Stokes  equations  [2]. 
The  trcinsfer  of  combustion  products  (smoke,  water  vapour  and  condensed  moisture)  is 
considered  with  the  dispersion  fluid  model  and  described  by  the  equations  of  turbulent 
diffusion.  The  turbulent  transport  coefficients  are  calculated  according  to  the  algebraic 
model  [3]  which  includes  local  shear  and  stratification  efferts.  The  fire  is  simulated 
by  a  distributed  heat  release  Qi  and  smoke  source  Sc  with  arbitrary  flame  envelope 
and  heat  and  smoke  generation  rates.  The  volumetric  heat  source  Q2  is  introduced  to 
calculate  the  heat  release  due  to  phase  transition  in  condensation  centres. 

The  computations  were  based  on  a  micro-control  volume  finite- difference  approach 
using  primitive  variables  [4]. 

The  smoke  plume  evolution  was  studied  by  modeling  smoke  cloud  formation  above 
the  large  fires  of  various  areas  (of  radii  2,  4,  5, 8  and  10  km)  and  fire  intensities.  Results 
include  smoke  concentrations,  distributions  of  condensed  water  and  temperature,  as 
well  as  the  velocity,  density,  and  pressiu-e  field:). 

Figure  1  shows  the  initial  smoke  concentration  and  velocity  fields  above  the  5-km 
radius  fire  with  the  heat  release  rate  =  4.7  •  10'*  W/m^.  The  heating  rate  q  increases 
linearly  from  5  =  0  to  its  prescribed  value  at  t  =  1800  s. 

Initially,  the  lire  generates  several  rotating  cells  in  the  source  region.  The  contin¬ 
ued,  constant  production  of  buoyancy  generates  an  increasing  inflow  which  gradually 
imposes  a  radially  directed  flow  in  the  fire  region.  The  rotating  cells  increase  in  dimen¬ 
sions  and  rise  together  with  the  convective  column.  The  condensed  water  released  in 
the  form  of  drops,  snow,  or  ice  is  transferred  by  the  convective  flows,  forming  a  mois¬ 
ture  cloud  of  shape  close  to  that  of  the  smoke  particles  cloud.  The  isoUnes  of  smoke 
aerosol  concentrations  C  =  0.5-10~^,  1.5-10“®,  2.5-10“®  kg/kg  are  shown  at  successive 
moments  of  time. 
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f.  KM  r,  KM 

Figure  1:  Smoke  concentration  (a)  and  velocity  (b)  fields  above  5-km  radius  fire  after 
520  s. 


Using  the  calculations  the  crite¬ 
rion  X,  which  determines  the  differ¬ 
ence  between  the  flows  above  a  mas¬ 
sive  fire  with  compact  heat  release  and 
a  large-area  massive  fire,  is  obtained 
[5).  This  criterion  characterizes  the  ra¬ 
tio  of  the  heat  release  rate  (W/m^) 
to  the  area  of  fire  (X  =  qmlRl>  where 
Ro  is  the  radius  of  fire).  The  aerody¬ 
namics  above  a  compact  massive  fire 
corresponds  to  the  laws  of  flow  above 
a  point  source  (A''  >  0.002).  In  the 
case  of  large  fire,  unsteady  vortex  mo¬ 
tions  are  formed  above  the  fire  region. 
The  dynamics  of  convective  flows  above 
large-area  fires  {X  <  0.002)  is  consis¬ 
tent  with  the  laws  of  flow  above  a  dis¬ 
tributed  source  known  from  the  plume 
rise  theory. 

The  development  of  a  vertical  distribution  of  smoke  aerosol  above  a  large-area  fire 
is  presented  in  Fig.  2.  The  smoke  injection  profiles  at  different  dimensionless  times  t 
of  the  combustion  process  are  given.  The  dimensionless  time  is  defined  a.s  r  —  t/ta, 
where  ta  is  the  time  of  thermal  relaxation  of  the  atmosphere,  ta  =  (Trii^/IIo)^^®  and  IIo 
is  the  integral  of  the  buoyancy  flux. 

The  results  obtained  in  this  paper  can  be  used  to  predict  and  evaluate  the  charac¬ 
teristics  of  atmospheric  pollution  by  combustion  products  above  big  fires. 


ytyo .  X  tcM 

Figure  2:  Normalized  smoke  injection 
profiles  above  large- area  fires  in  dry  at¬ 
mosphere;  t:  1  —  3.44;  2  —  5.16;  3  — 
8.9;4~13.4;5  — 26.7;6  — 40. 
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*  Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 
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Since  with  the  first  investigations,  it  is  generally  believed  that  the  greater  the 
laminar  burning  velocity  Ui,  the  greater  is  the  rate,  St,  of  turbulent  combustion  of 
this  mixture  at  constant  turbulent  parameters.  The  currently  accepted  correlations 
(for  example,  those  using  the  product  Ka  ■  Le  as  the  only  characteristic  of  the  local 
changes  of  the  burning  velocity  in  strained  flamelets  [1,  2])  have  the  same  feature.  Here, 
Ka  ~  u'/Ui  •  (u'tc/L)'/^  and  Le  =  k/D  are  Karlovitz  and  Lewis  numbers,  respectively, 
where  Tc  =  k/Ui  the  chemiced  time  scale,  k  and  D  denote  molecular  diffusivities  of 
heat  and  the  deficient  reactant,  u'  and  L  are  turbulent  velocity  and  length  scale.  Typ¬ 
ically,  an  increase  in  turbulent  burning  rate  results  from  increasing  Ui  or  combustion 
temperature  Tf,  or  decreasing  Tc  or  Ka  -  Le. 

A  scrutiny  of  the  measurements  made  in  stirred  bombs  [3-6]  has  revealed  that  these 
correlations  fail  for  the  specijilly  composed  mixtures.  Some  of  these  experimental  data 
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Figure  1:  Dependencies  of  turbulent  consumption  rate  5t,  characterizing  the  pressure 
rise  in  the  bomb,  and  turbulent  burning  velocity  Ui,  measured  by  the  leading  edge  of 
the  flame,  on  turbulence  intensity  u'.  Symbols  are  explained  in  Table  1. 


are  shown  in  Fig.  1  and  the  estimates  of  the  above  physicochemical  parameters  based 
on  u'  =  1  m/s,  I  =  10  mm,  and  Ui  measured  in  the  same  bomb  are  presented  in  Table 
1.  These  pairs  of  the  burning  mixtures  have  been  selected  thanks  to  the  absence  of 
the  correlations  referred  to:  for  each  pair  Un  >  Uij  the  slopes,  dStjdu' ^  of  the  rising 
branches  of  the  curves  and  the  values  of  St  at  moderately  large  u'  correlated  inversely. 
These  apparently  paradoxical  results  are  likely  to  be  an  important  test  for  any  model 
of  turbulent  combustion. 

To  describe  these  and  similar  data  [3-6],  we  made  an  attempt  to  incorporate  a  sub¬ 
model  of  local  thermodiffusional  phenomena  occurring  in  premixed  turbulent  flames 
into  the  closure  of  the  averaged  heat  release  rate,  which  yielded  encouraging  quantita¬ 
tive  results  for  ordinary  burning  mixtures  f7j  and  corresponded  to 


St  =  Au' 


r  L 


\ 

T 


U'Tf, 


(1) 


where  A  is  a  constant.  For  this  purpose,  we  used  the  concept  of  leading  points  developed 
in  [8],  where  the  formulas  for  local  values  of  T\,  and  relative  air/fuel  ratio,  a,  were  derived 
for  flamelets  under  critical  stretching.  The  authors  [8]  recommended  to  use  U'  =  Ui{a') 
corresponding  to  this  critical  local  composition  determined  by  a'  instead  of  i7j(ao)  for 
premixed  turbulent  combustion  modeling,  where  ao  characterized  the  initial  mixture. 

The  values  of  a'  computed  according  to  [8]  and  the  burning  velocities  t//  measured 
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Table  1:  Parameters  of  burning  mixttires  {Ui  in  cm/s,  in  ms). 


N 

Mixture 

Tt,K 

V, 

KaLe 

UI 

< 

r'',K 

U[' 

< 

Symb 

1 

Hj/oir,  a  =  4.5 

987 

16 

1.12 

0.90 

33 

0.29 

1310 

1288 

30 

0.36 

• 

2 

2H2-f  O2  +  I2N2 

1356 

26 

0.48 

1.07 

32 

0.35 

1277 

1147 

18 

1.10 

0 

3 

2H2  +  2O2  +  17Ar 

1339 

21 

0.68 

0.56 

62 

0.09 

1863 

1745 

49 

0.14 

■ 

4 

2H2  +  2O2  +  17He 

1339 

51 

0.57 

0.32 

56 

0.47 

1535 

1326 

29 

1.76 

□ 

5 

CsHs/air,  oc  =  0.6 

1852 

10 

2.11 

4.45 

25 

0.32 

2062 

2071 

25 

0.31 

▲ 

6 

CH«/air,  a  =  1.4 

1859 

19 

0.61 

1.16 

22 

0.47 

1902 

1934 

24 

0.39 

V 

Table  2. 


N 

estimates 

measurements 

[i-j) 

(roi/roi)V^ 

{dSt/du')il{dStldu')j 

1:2 

1.24 

0.95 

0.76 

0.80 

3:4 

1.05 

0.66 

0.53 

0.54 

5:6 

1.36 

0.91 

0.94 

0.70 

in  the  bomb,  are  presented  in  Table  1  together  with  the  estimated  t/  =  K{a')/U'i^  and 
computed  T/  =  Ti,{a').  Moreover,  using  the  formulas  [8]  for  T/'  and  the  known  values 
of  UI,  we  estimated  U"  ~  Ui{a',  T^)  and  r"  =  K{a')jUi^  (see  Table  1),  assuming  that 
Ui  «  exp{-Tal2Tb),  where  To  =  13000  K  for  H2  and  Ta  ~  20000  K  for  CH4  had  been 
obtained  using  Ui  measured  for  various  types  and  amounts  of  the  diluent  in  the  same 
bomb.  We  also  used  Ta  =  20000  K  for  CsHs- 

Analyzing  Table  1,  one  can  easily  show  that  for  each  pair  of  the  mixtures  the  greater 
U'  or  U"  and  the  smaller  r/  or  r/',  the  greater  is  the  measured  slope  dSt/du'.  This  fact 
is  in  a  qualitative  agreement  with  EQ.  (1),  as  is  demonstrated  by  Table  2,  where  the 
experimental  slopes  correspond  to  u'  =  1  m/s.  If  we  want  to  quantitatively  model  the 
experimental  data  presented  in  Fig.  1  as  a  whole,  we  must  increase  the  constant  A  for 
lean  hydrogen-air  mixtures  1,  3,  and  4,  as  compared  to  its  optimum  value  for  ordinary 
burning  mixtures  [7].  This  tendency  should  be  analyzed  in  future. 

According  to  Eq.  (1),  turbulent  burning  velocity  is  controlled  by  the  chemical 
time  scale  rather  than  laminar  flame  speed,  which  is  apparently  supported  by  the 
experimental  data  [3]  (see  Fig.  Id).  For  these  mixtures  (CsHs  -f  5O2  +  21Ar  or  21He), 
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Ui{At)  =  0.8  m/s,  f/j(He)  =  1.4  m/s,  but  a'(Ar)  =  1.23  and  a'(He)  =  1.26  are  closely 
related,  hence  17/(He)  is  likely  to  remain  much  greater  than  i7/(Ar).  Our  estimation 
resulted  in  T'(Ar)  being  just  above  T/(He),  but  t"{At)=  T"(He),  and  the  experimental 
curves  match  almost  exactly. 

Thus,  the  paradox  under  consideration  can  be  qualitatively  explained  in  terms  of 
the  concept  of  leading  points  [8]  and  Eq.  (1).  Further  studies  of  thermodiffusional 
ph-.>’,omena  in  premixed  turbxdent  flames  are  required,  as  well  as  more  accurate  and 
consistent  use  of  the  submodels  of  these  phenomena  in  the  predictions  of  premixed 
turbulent  combustion. 
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EVOLUTION  OF  TURBULENT  FIELDS  IN  EXPLOSIONS 
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M.-L.  Lyons* 
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Explosions  always  contain  turbulent  mixing  regions,  e.g.:  boundary  layers,  shear 
layers,  wall  jets  and  unstable  interfaces.  The  inherent  unsteadiness  of  turbulent  mix¬ 
ing  in  explosions,  ?ind  the  lack  of  sufficient  data,  pose  insurmountable  difficulties  for 
turbulence  modeling  of  such  flows. 


Figure  1:  Evolution  of  the  mean  radial  velocity  profiles  at  600  m:  (a)  wall  jet  profiles; 
(b)  boundary  layer  profiles.  Curves  labeled  NS  and  WT  represent  dusty  boundary  layer 
profiles  measured  behind  a  normal  shock  and  in  a  wind  timnel;  FP  denotes  flat  plate 
profile. 


Proposed  in  this  paper  is  a  direct  numerical  simulation  approach  —  where  the 
three-dimensional  (3-D)  conservation  laws  are  integrated  via  a  high-order  Godunov 
method.  Adaptive  Mesh  Refinement  (AMR)  is  used  to  capture  the  convective  mixing 
processes  on  the  computational  grid.  Then,  an  azimuthal- averaging  operator  is  applied 
to  the  3-D  solution  —  in  order  to  extract  the  instantaneous  mean  and  fluctuating 
components  of  the  turbulent  field.  As  an  illustration,  this  methodology  is  applied  to 
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the  numerical  simulation  of  the  turbulent  wall  jet  and  dusty  boundary  layer  flow  induced 
by  a  point  explosion  above  a  ground  surface  (Figs.  1-2).  During  the  wall  jet  phase, 
the  mean  profiles  (Fig.  la)  resemble  our  previous  two-dimensional  calculations,  while 
the  velocity  fluctuation  profiles  and  Reynolds  stress  profiles  are  qualitatively  similar  to 
measmrements  of  self-preserving  waU  jets.  During  the  boundary  layer  phase  (Fig.  lb), 
the  mean  velocity  profile  evolved  with  time,  e.g.:  initially  it  agreed  with  measurements 
of  a  dusty  bouiidary  layer  behind  a  shock;  at  intermediate  times  it  resembled  the  dusty 
boundary  layer  profiles  measured  in  a  wind  tunnel;  while  at  late  times,  it  approached 
a  1/7  power-law  profile.  Velocity  fluctuation  profiles  (Fig.  2)  were  qualitatively  similar 
to  those  measured  for  a  turbulent  boundary  layer  on  a  flat  plate.  The  methodology 
can  be  used  to  predict  the  evolution  of  other  turbulent  fields  such  as  dust  clouds,  axi- 
symmmetric  jets,  fireball  instabilities,  and  dusty  boundary  layers  in  shock  tube  and 
wind  tunnel  flows. 


NUMERICAL  SIMULATION  OF  AUTOIGNITION  OF 
NONUNIFORM  UNBURNED  MIXTURE  AHEAD  OF  A 
PREMIXED  TURBULENT  FLAME  FRONT 

Andrei  N.  Lipatnikov 

Moscow  Instiiuie  of  Physics  and  Technology,  Dolgoprudnyi,  Russia 


A  model  of  the  influence  of  turbulence  on  the  autoignition  of  the  unburned  gas 
mixture  ahead  of  a  premixed  turbulent  flame  spreading  in  a  combustion  chamber  of 
variable  volume  has  been  proposed  in  (1).  Some  results  of  numerical  investigations 
of  this  influence  have  been  presented  in  [1,  2).  The  goal  of  this  paper  is  to  continue 
these  investigations  and  simulate  the  interaction  between  the  turbulence  and  the  un¬ 
burned  mixture  temperature  nonuiiiformities  due  to  heat  losses  through  the  walls  of 
the  combustion  chamber. 

A  cylindrical  vessel  of  variable  height  is  filled  with  a  hydrocarbon-air  mixture  at 
the  bottom  dead  center  (BDC).  Then  the  height  is  decreased  and  the  gas  is  compressed. 
During  the  compression  phase  the  chemical  reactions  are  ignored  and  the  mean  (over 
the  vessel)  pressure  and  temperature  are  calculated  using  the  adiabatic  compression 
law.  At  <  =  0,  the  mixture  is  ignited  by  a  spark  located  at  the  center,  and  a  flame 
spreads  to  the  walls.  The  turbulence  intensity  u'  and  length  scale  L  corresponding  to 
the  initial  moment  are  the  input  parameters  of  the  model,  as  well  as  the  integral  heat 
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fliix  ju,  through  the  walls,  which  is  assumed  to  he  constant  during  the  process  of  flame 
spread.  The  combustion  stage  is -modeled  by  a  set  of  time-dependent  one-dimensional 
equations  including  the  k—e  submodel  of  turbulence,  Bray-Moss  submodel  of  flame 
propagation  [3],  the  balance  of  enthalpy,  and  the  Shell  kinetic  scheme  [4]  for  the  chem¬ 
ical  reactions  in  the  uhburned  mixture  resulting  in  the  autoignition.  The  minimum 
value  Tqjjq  df  the  mean  (over  the  vessel)  gas- temperature  at  the  BDC,  for  which  the 
autoignition  can  occur  before  the  flame  front  reaches  the  walls,  is  of  special  importance. 
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Figine  1:  The  influence  of  the  initial 
temperature  distribution  and  the  wall 
heat  losses  q^,  on  the  critical  tempera¬ 
ture  TgjjQ.  1  —  =  500  K,  n  =  6, 

qu,\ 2 —  600  K,  6,  qu,',  3  —  500  K,  4,  q^,; 
4  —  500  K,  6,  2qu,;  5  —  as  1  with  taking 
into  account  turbulent  pulsations. 


Figure  2:  A  plot,  showing  that  increase 
in  the  wall  heat  losses  is  able  to  ac¬ 
celerate  the  autoignition  due  to  tur¬ 
bulent  diffusion  of  autocatalytic  prod¬ 
ucts  from  the  center  of  the  combustion 
chamber  to  the  wall.  u'  =  2m/s,L  =  5 
mm.  1  —  9iu/2;  2,  3  —  Wq,  4  —  Jq 
with  2fZ  •  q^.  Wq  is  the  averaged  di¬ 
mensionless  rate  of  autocatalytic  prod¬ 
ucts  formation;  Jq  is  the  dimensionless 
turbulent  diffusion  flux. 


Shown  in  Fig.  1  are  the  dependencies  of  on  L,  computed  for  various  temper¬ 
ature  distributions  in  the  near- wall  zone.  Curve  1  corresponds  to  u'  =  3.2  m/s,  com¬ 
pression  ratio  JS  =  8,  engine  speed  N  =  600  rpm,  pressure  at  the  BDC  Pbdc  =  1  atm, 
spark  advance  <po  =  13  degrees  of  crank  angle  (DCA),  the  exponent  of  the  power-law 
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near- wall,  temperature  profile  at  the  ignition  moment  n  =  6,  and  the  Wcdl  tempera¬ 
ture  Tw  =  500  K.  According,  to  the  Bray-Moss  submodel,  a  decrease  in  L  results  in 
increasing  mean-rate  of  products  creation  and  accelerates  flame  propagation.  At  small 
turbulence  length  scales,  this  effect  is  dominant,  and  the  decrease  in  L  suppresses  the 
autoignition.  At  the  larger  L,  this  effect  compensates  for  the  widening  of  the  averaged 
combustion  zone,  and  the  increase  in  ^  results  from  the  slower  compres¬ 

sion  of  the  unburned  mixture,  whereas  the  intensification  of  heat  and  mass  transfer 
promotes  autoignition  under  these  conditions.  Owing  to  the  competition  between  the 
mechanisms  considered,  there  is  a  range  of  the  turbulence  scales  where  the  autoignition 
can  occur  at  a  lower  initial  temperature. 

Curve  5  has  been  calculated  by  taking  into  account  the  influence  of  temperature 
and  concentration  fluctuations  on  the  averaged  rates  of  the  Shell-reactions.  To  this  end, 
the  model  has  been  modified  by  expanding  these  rates  in  Taylor  series  before  averaging 
and  solving  the  balance  equations  for  the  second-order  correlations  between  the  main 
species  and  temperature.  One  can  see  that  the  turbulent  fluctuations  in  the  unburned 
mixture  promote  autoignition. 

According  to  Fig.  1,  the  increase  in  Tu,  promotes  autoignition.  If  the  turbulence 
length  scale  L  is  small,  the  decrease  in  and  the  exponent  n  of  the  initial  temperature 
distribution  will  lead  to  similar  effects.  When  Tbdc  is  close  to  i’i'®  higher  is  the 
initial  temperature,  the  shorter  the  autoignition  delay  is,  and  the  effect  of  variations  in 
Tu,,  or  n,  or  q^,  (see  Fig.  i)  is  caused  by  the  respective  variations  of  mean  local  tem¬ 
perature  of  the  unburned  mixture  in  the  near-wall  zone.  However,  when  L  is  larger,  an 
increase  in  wall  heat  losses  can  promote  autoignition,  as  illustrated  by  the  intersection 
of  curves  1  and  4  in  Fig.  1. 

This  effect  is  elucidated  in  Fig.  2.  According  to  the  Shell  scheme,  after  the  cool 
flame  is  quenched,  the  Favre- averaged  mole  fraction  Xb  of  the  branching  agents,  J5, 
falls  to  a  small  value.  For  larger  this  value  is  greater.  As  a  result,  after  the  cool 
fleimes  have  been  quenched  everywhere  in  the  imburned  mixture,  the  concentration  of  B 
is  the  highest  near  the  walls.  Such  a  distribution,  together  with  the  turbulent  diffusion 
of  autocatalytic  product,  Q,  from  the  center  of  the  vessel  to  the  walls  (see  Fig.  2)  can 
promote  the  autoignition  in  the  near-wall  zone,  when  q^  is  increased. 
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TURBULENCE  MODELLING  OF  FOUR  DIFFERENT  TYPES  OF 
confined  swirling  flows  using  the  k-e  MODEL  AND 
REYNOLDS  STRESS  MODEL 

C.  M.  Trinh 

Laboratory  of  Heating  and  Air  Conditioning,  Technical  University  of  Denmark 
Building  402,  DK-2800  Lyngby,  Denmark 

Turbulent  swirling  flow  is  very  important  in  combustion.  It  is  used  to  stabilize  the 
flame  in  furnaces.  In  this  study,  isothermic  swirling  flows  were  computed  by  means 
of  a  commercial  computer  code  FL0W3D  (release  2.4)  from  Harwell  Laboratory.  The 
“standard”  wall  reflection  term  {WRT)  proposed  by  Gibson  &  Launder  [3]  in  FLOW3D 
for  simple  geometries  (e.g.  pipe  or  plane)  was  extended  to  complex  geometries.  This 
term  is  used  in  Reynolds  Stress  Models  in  order  to  improve  the  results.  Experience  and 
reconunendations  are  described  in  this  paper. 

Four  test  cases  with  four  different  types  of  confined  swirhng  flows  were  used  for  the 
testing.  These  cases  were  called  A  (Kitoh  [5]),  B  (So  cf  al.  (6)),  C  (IFRF  [4])  and  D 
(Ri80  [1]).  The  geometries  of  cases  A  and  B  were  long  pipes  called  “simple”,  whilst  the 
geometries  of  cases  C  and  D  were  called  “complex”  because  they  have  inlet,  divergent 
(quarl)  and  outlet  sections.  After  the  quarl,  there  was  an  expansion  region  (field)  and 
before  the  outlet  section  there  was  a  contraction  region.  These  regions  make  the  flow 
very  complex.  The  flows  of  cases  A  and  C  were  simple  flows,  which  have  only  one  flow 
at  their  inlets  and  the  flows  in  cases  B  and  D  were  called  complex,  because  they  had 
more  than  one  flow  at  inlet.  The  diameters  in  test  cases  C  and  D  (0.640  m  and  1.200 
m)  were  larger  them  the  diameters  in  cases  A  and  B  (0.150  m  and  0.125  m). 

All  the  cases  were  computed  using  k-€  model  {KEM)  and  Reynold  Stress  Model 
(RSM).  The  velocities  calculated  using  RSM  were  much  closer  to  experimental  data 
than  those  calculated  using  KEM.  However,  the  agreement  of  tangential  velocities 
with  the  data  was  still  poor.  The  tangential  velocity  profiles  computed  using  KEM 
evolved  too  rapidly  to  a  solid  body  rotation  (forced  vortex)  and  therefore  they  were 
quite  different  from  experimental  data. 

The  RSM  with  WRT  was  also  used  to  compute  the  flows.  is  the  empirical 
constant  that  appears  both  in  KEM  and  RSM.  In  KEM,  is  the  constant  (having 
only  one  value)  in  the  expression  for  turbulent  viscosity  {pj  —  •  fc^/e,  where  Cfi  = 

0.09).  However,  in  RSM  the  “constant”  appearing  in  the  WRT  varies  with  different 
flow  types,  and  its  optimum  value  seems  to  be  case- dependent. 

The  WRT  term  was  very  difficult  to  implement  in  flows  with  complex  geometries, 
e.g.,  a  geometry  with  divergent  walls  (cases  C  and  D),  because  at  the  divergent  wall  the 
normal  vectors  in  WRT  must  be  divided  into  two  vectors:  one  parallel  and  one  normal 
to  the  wall.  They  are  indistinct  at  the  boundary  between  inlet  and  divergent  section 
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and,  therefore,  give  poor  results.  The  WRT  without  the  influence  of  the  divergent 
wall  {€fi  r=  0.00,  at  divergent  wall)  was  also  used  for  ex^nination  in  cases  C  and  D. 
Tlie  results  ..obtained  with  RSM  with  and  without  WRT  are  quite  different.  However, 
the'  difference  is  small,  arid’  the  choice  of  the  ernpifical  constant  Cf^  is  still  somewhat 
doubtful,  due  to  the  inaccuracy  of  experimental  data. 

Case  A  is  a  simple  swirling  flow,  and  case  D  is  a  very  complex  swirling  flow.  Apart 
from  various  turbulence  models,  RSM  with  and  without  WRT^  these  cases  were  also 
tested  with  various  difference  schemes  and  grid  resolution.  Four  difference  schemes, 
Upwind-Difference  Scheme  (UDS),  Higher-Order  Upwind  Difference  Scheme  (HUDS), 
Quadratic  Upstream  Interpolation  for  Convective  Kinematics  Schemes  (QUICK)  and 
Curvature  Compensated  Convective  Transport  Scheme  (CCCT),  were  used  for  testing. 
For  case  A,  there  were  no  signiflcaiit  differences  between  them,  which  may  be  due  to 
the  fine  grid  {NI  X  NJ  =  60  x  35)  and  a  very  uniform  flow.  However,  in  case  D, 
with  the  NI  x  N  J  =  75  X  51  grid,  the  UDS  (first-order  acciuate)  was  not  good  for 
computations. 

A  number  of  tests  of  the  sensitivity  to  the  grid  density  were  performed.  In  case  A, 
the  calculations  were  performed  with  the  grid  densities  NI  X  N  J  =  40  x  23,  60  x  35, 
60  X  48,  80  X  35  and  80  X  48  {RSM  was  employed  in  all  calculations).  In  case  D,  the 
grid  densities  used  in  RSM  were  NI  x  NJ  =  50  x  51,  75  x  51, 100  x  51,  75  x  38  and 
75  X  76  and  in  KEM  were  75  X  51  and  75  X  76.  The  grid  densities  60  x  35  in  case  A 
and  75  X  51  in  case  D  are  sufficient  for  the  computations. 

Some  of  the  conclusions  of  this  paper  are: 

•  Most  of  the  experiments  involved  only  a  few  measurement  points  in  the  radial 
direction,  which  may  present  problems  with  the  specification  of  the  inlet.  Inter¬ 
polation  is  a  poor  method  for  swirling  flows  when  the  velocity  profiles  are  not 
linear. 

•  The  RSM  is  much  better,  with  regeird  to  computing  the  swirling  flows,  than 
KEM  (Figs.  1  and  2).  In  general,  the  mean  flow  properties  are  predicted  better 
them  the  turbulence  properties. 

•  It  is  very  difficult  to  specify  the  WRT  at  the  boundary  between  the  inlet  and 
divergent  sections  in  cases  C  and  D.  Howe’-  r,  the  WRT  without  the  influence  of 
divergent  wall  cem  be  instrumental.  =  0.065  can  be  used  in  rurbulent  parallel 
flows  [7]  (it  has  also  been  recommended  by  Harwell  Laboratory)  but  Cf^  -  0.090 
may  be  the  best  for  swirling  flows. 

•  The  strong  central  jet  (case  B)  can  reduce  the  influence  of  WRT. 

•  For  axisymmetric  flows,  the  influence  of  WRT  should  be  due  to  the  presence  of 
two  walls.  However,  the  difference  between  the  effects  of  one  and  two  walls  is 
small. 
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Figure  1:  U  —  axial  velocity  profile,  'W  —  tangential  velocity  profile;  Ris0’s  test  case. 
0  experiment; - RSM  (without  -  -  -  KEM. 
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Figure  2:  Streamlines;  Ris0’s  test  case.  KEM:  k-e  Model,  RSM:  Reynolds  Stress  Model 
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•  Computations  using  RSM  with  WRT  required  a  CPU  time  by  about  8%  longer 
than  for  the  computations  using  RSM  without  WRT. 

•  The  difference  schemes  have  a  significant  effect  on  the  complex  flow  (case  D)  and 
almost  no  effect  on  more  tmiform  flows,  such  as  the  flow  in  case  A. 

•  The  grid  density  in  the  radial  direction  is  very  critical  as  compared  with  that  in 
the  eixial  direction.  The  KEM  is  more  sensitive  to  grid  density  than  the  RSM. 
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SESSION  5.  Unsteady  Combustion 

THE  EXCITATION  CONDITIONS  OF  A  KINETIC  SINGING 

FLAME 

V.  V.  Afanas’iev,  S.  A.  Abrukov,  A.  K.  Kuz’min,  A.  I.  Kitaev 

Chuvash  State  University,  Moskovskii  prosp.  15,  Cheboksary,  Russia 


Many  researchers  studied  oscillatory  combustion  over  the  last  few  decades.  How¬ 
ever,  no  imified  explanation  of  the  development  mechanism  of  vibrational  combustion 
has  been  established.  In  particular,  not  much  is  known  about  kinetic  singing  flames 
(KSF),  despite  the  fact  that  they  provide  a  convenient  model  unobstructed  by  such 
phenomena  as  atomization,  evaporation  and  mixing  of  the  fuel  components  and  hence 
useful  for  determination  of  the  role  played  by  combustion  per  se  plays  in  the  nature  of 
the  phenomenon  in  question.  In  [Ij,  KSF  excitation  and  silence  concentration  ranges 
were  first  reported  to  depend  on  propane-air  mixtiue  composition  (in  the  range  of 
3-15%),  without  the  physical  mechanism  of  the  observed  phenomena  being  discussed. 

The  objective  of  the  present  work  was  to  examine  the  mechanism  of  the  influence 
of  fuel  mixtxire  composition  on  the  KSF  excitation  and  silence  concentration  ranges. 
Experiments  were  made  using  tubes  35  mm  in  diameter  and  1.2  to  1.8  m  in  length. 
The  fuel  mixture  was  prepared  dynamically,  and  its  composition  and  flow  rate  were 
monitored  by  a  Rayleigh  interferometer  and  roteimeters.  The  burners  used  were  made 
of  copper  and  stainless  steel.  Visualization  was  provided  by  schlieren  optics  with  a 
slit-emd-thread  technique.  As  part  of  the  experiments,  the  acoustic  pressure  level  and 
the  phase  difference  between  the  pressme  oscillations  and  the  heat  release  rate  were 
measured.  Following  [2],  the  heat  release  rate  was  determined  from  the  CH  intermediate 
radical  radiation  intensity  at  wavelength  431.5  nm  recorded  by  a  photomultiplier.  This 
is  also  evidenced  by  the  in-phase  variation  in  the  optical  radiation  and  the  flame  surface 
ccdculated  from  the  cine  film  frames  containing  schlieren  images  and  oscilloscope  records 
of  the  radiation.  The  authors  believe  that  the  normal  rate  of  combustion  is  unaffected 
by  the  acoustic  oscillations  observed.  Figure  1  shows  plots  of  (1)  the  level  of  the  acoustic 
pressure  recorded  by  the  microphone  installed  at  the  lower  end  of  the  tube  resonator;  (2) 
the  level  of  the  integral  (over  the  flame  volume)  light  emission  flux;  and  (3)  the  phas  i 
shift  between  the  pressure  oscillations  and  radiation  versus  the  propane-air  mixtiure 
composition.  The  vertical  lines  in  Fig.  1  represent  the  limits  of  fia''.re  excitation. 

The  results  of  munerous  experiments  conducted  by  the  present  authors  suggest  that 
the  number  of  the  excitation  zones  and  their  locations  depend  on  the  tube  resonator 
length,  whereas  the  excitation  zone  width  and  the  intensity  of  acoustic  oscillations  are 
fimctions  of  the  tube  resonator  (^-factor.  Also,  it  should  be  noted  that  the  zone  width 
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- 

Figure  1;  Parameters  of  the  singing  flame  versus  the  fuel  mixture  composition. 


and  its  location  depend  only  slightly  on  the  fuel  mixture  flow  rate,  when  other  param¬ 
eters  are  equal.  As  suggested  by  Fig.  1,  the  acoustic  pressure  level  and  the  optical 
radiation  intensity  have  a  dome  shape  depending  on  the  fuel  mixture  composition,  and 
the  phase  sliift  in  each  zone  is  different  in  character  and  is  less  then  90%  in  magnitude. 
Moreover,  the  pressure  oscillations  are  advanced  in  phase  with  respect  to  the  optical 
radiation,  and,  formally,  the  pressure  oscillations  occurring  in  all  the  three  areas  can 
be  intensified  through  periodic  heat  release  due  to  variation  in  the  flame  surface  area, 
according  to  the  Rayleigh  criterion.  However,  if  one,  strictly  adheres  to  the  Rayleigh 
criterion,  the  pressure  maximum  should  correspond  to  zero  phase  shift,  which  is  at 
variance  with  the  experimental  evidence.  In  order  to  provide  an  explanation  for  this 
discrepancy,  specicil  experiments  were  made  to  determine  the  pressure  oscillations  — 
optical  radiation  phase  shift  selected  by  means  of  a  horizontal  slit  moved  vertically 
relative  to  the  flame  height  for  different  fuel  mixture  compositions.  The  experiments 
indicated  that  the  phase  shift  did  vary  with  the  flame  height  from  0  to  2,  with  the  max¬ 
imum  cmd  minimum  phase  shifts  occurring  in  the  third  and  the  first  excitation  areas, 
respectively.  In  addition,  the  zero  phase  shift  and  maximum  optical  radiation  intensity 
for  mixtures  developing  maximum  presstue  oscillations  are  observed  at  the  coordinate 
which  corresponds  to  the  cone  tip  of  the  undisturbed  flame  or  to  the  middle  position  of 
the  oscillating  flame  tip.  When  the  fuel  mixture  composition  is  made  richer  or  leaner, 
the  phase  shift  increases,  i.e.  the  conditions  of  pressiue  oscillation  excitation  deteriorate 
and  reach  the  laboratory  noise  level  at  the  self-excitation  limits.  As  suggested  by  the 
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Figure  2:  Cine  film  frames  representing  the  singing  flame  excitation  process:  (a)  the 
starting  moment  (b)  “mature"  oscillations. 


cine  film  images  (Fig.  2)  and  optical  radiation  intensity  analysis,  it  is  at  the  apex  of  the 
cone  that  the  heat  release  varies  most,  i.e.  the  apex  of  the  flame  cone  is  responsible  for 
maintaining  the  existing  pressure  oscillations.  Thus,  the  appearance  of  KSF  excitation 
and  silence  zones  is  linked  to  the  deterioration  of  the  phase  relationships  deteriorating 
between  the  pressure  oscillations  and  heat  release  rate  at  the  apex  of  the  flame  cone, 
which  is  the  case  when  the  fuel  mixture  composition  is  varied. 

In  summary,  the  occurrence  of  KSF  self-excitation  and  silence  areas,  varying  with 
the  fuel  mixture  composition,  is  due  to  the  changes  in  the  phase  relationship  between 
the  pressure  oscillations  and  heat  release  rate. 
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UNSTEADY  EFFECTS  IN  PROPELLANT  COMBUSTION  AT 

HIGH  PRESSURES 

V.  N.  Alexandrov,  B.  D.  Dinovetsky,  A.  V.  Kostochko, 

V.  N.  Marshakov* 

*  Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 

Due  to  the  fact  that  experimental  studies  of  unsteady  propellant  combustion  have 
been  carried  out  only  at  low  pressures  [1-3],  and  the  results  of  theoretical  works  [4,  5] 
are  contradictory,  there  is  currently  no  common  view  with  regard  to  the  occurrence  of 
unsteady  effects  at  high  pressures. 

In  this  report,  we  present  experimental  evidence  of  the  occurrence  of  unsteady 
effects  at  high  pressures  and  estimate  the  limits  of  their  existence. 

In  the  experiments,  the  variation  of  propellant  sample  sizes  during  combustion  with 
pressure  increase  or  decrease  was  recorded  by  means  of  high-speed  filming.  The  burn 
rate  was  determined  by  the  results  of  streak  recording.  Simultaneously  with  the  filming, 
pressure  was  measured  in  the  combustion  chamber. 

Three  series  of  experiments  with  an  NDT  type  ballistite  propellant  have  been  carried 
out:  in  the  first  series,  the  propellant  burn  rate  was  determined  at  increasing  pressure; 
in  the  second  series,  the  propellant  burn  rate  in  going  from  one  pressure  level  to  another 
higher  one  was  determined;  in  the  third  series,  the  propellant  burn  rate  at  increasing 
pressure  was  determined  by  its  extinction  due  to  pressure  drop  [6). 

The  results  of  the  first  series  have  shown  that  the  mean  values  of  burn  rates  mea¬ 
sured  at  the  pressure  increase  rates  of  450,  1120  eind  1510  MPa/s  virtually  coincide 
with  the  steady  burn  rates.  At  the  pressure  increase  rates  of  2122  and  9720  MPa/s,  the 
mean  values  of  burning  rates  agree  with  the  steady  values  up  to  pressures  ~  60  MPa 
and  at  higher  pressures  become  considerably  lower  than  the  steady  ones. 

At  pressure  increase  rates  up  to  1510  MPa/s,  the  propellant  combustion  proceeded 
in  a  steady  regime,  and  at  pressure  increase  rates  greater  than  2125  MPa/s,  unsteady 
combustion  was  observed.  The  rates  of  pressure  increase  corresponding  to  the  transition 
from  the  steady  to  unsteady  conditions  of  propellant  combustion  are  within  1510-2125 
MPa/s. 

In  the  second  series  of  experiments,after  ignition,  the  propellant  combustion  pro¬ 
ceeded  after  ignition  at  increasing  pressure  and  then  at  almost  constant  pressure. 

In  all  the  experiments  (with  pressure  increase  rates  ranging  from  2400  to  21500 
MPa/s),  the  experimental  propellant  burn  rate  at  increasing  pressure  was  lower  than 
the  steady  burn  rate,  continued  to  increase  at  constant  pressiue  and  later  reached  the 
steady  value  corresponding  to  the  final  pressure  level.  During  propellant  combustion 
at  constant  pressure,  one  can  observe  the  variation  of  burn  rates  which  points  to  the 
unsteadiness  of  propellant  combustion  under  these  conditions. 
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It  should  be  noted  that  the  results  of  the  second  series  of  experiments  agree  with 
the  unsteady  combustion  theory,  the  variability  of  propellant  surface  temperature  [7] 
and  the  results  of  experimental  studies  at  low  pressures  [3]  being  taken  into  accovmt. 

In  the  third  series  of  experiments,  combustion  was  interrupted  by  a  sharp  pressure 
drop,  and  the  propellant  extinction  time  was  determined,  which  depended  on  pressure 
increase  rate  at  constant  parameters  of  the  pressure  drop.  Moreover,  it  was  concluded 
that,  if  the  extinction  time  did  not  vary  with  the  pressure  increase  rate,  the  propellant 
combustion  was  steady  at  increasing  pressure  and  unsteady  otherwise. 

The  results  obtained  have  shown  that  the  extinction  time  depends  on  the  pressure 
increase  rate,  which  makes  it  possible  to  determine  the  value  of  pressure  increase  rate 
dividing  the  steady  and  unsteady  combustion  modes.  For  pressures  ~  60  MPa,  the 
value  of  this  pressure  increase  rate  is  about  ~  1500  MPa/s,  which  agrees  well  with  the 
results  of  the  two  previous  series  of  experiments. 

The  results  of  numerous  experiments  with  propellant  extinction  point  to  the  im- 
steadiness  of  propellant  combustion  at  pressure  drop,  as  evidenced  by  rather  high  values 
of  pressures  at  which  it  is  completed  (up  to  48  MPa),  the  variable  influence  of  initial 
temperature,  the  use  of  catalysts  and  combustion  stabilizers  for  extinction  at  drops 
from  high  to  low  initial  pressures. 

To  estimate  the  limits  of  unsteady  effects  due  to  the  pressure  drop  in  the  first 
approximation,  one  can  assume  the  value  of  the  critical  rate  of  pressure  drop.  These 
values  divide  not  only  different  combustion  modes  but  also  the  ranges  of  propellant 
burn  rates  where  they  are  quite  different. 

A  negligible  increase  in  the  rate  of  pressure  drop  near  its  critical  value  leads  to 
extinction  and  a  decrease  in  the  average  combustion  rate  by  approximately  2  times, 
without  any  variation  with  a  further  increase  in  the  rate  of  pressure  drop.  The  value  of 
criti'-al  rate  of  pressure  drop  for  an  NDT  type  ballistite  propellant  at  pressure  of  ~  60 
MPa  is  2500  MPa/s. 

In  summary,  the  results  of  the  study  point  to  ehe  occurrence  of  unsteady  effects  in 
propellant  combustion  at  high  pressures. 
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CONTROLLABLE  REGIMES  OF  NONSTEADY  COMBUSTION 
OF  SOLID  PROPELLANTS 

V.  A.  Arkhipov 

Insiiiute  of  Applied  Mathematics  and  Mechanics,  Tomsk,  Russia 


Active  control  of  a  burning  solid  propellant  charges  important  from  both  techno¬ 
logical  and  scientific  perspectives.  Controlled  thrust  termination  of  a  solid-propellant 
rocket  motor  largely  improves  its  flexibility  in  operations;  the  lack  of  flexibility  is  indeed 
one  of  the  main  disadvantages  of  the  solid-propellant  as  compared  to  liquid-propellant 
motors.  The  purpose  of  this  presentation  is  to  propose  three  concepts  for  controlling 
solid  propellant  combustion  rate  and  discuss  some  experimental  results  concerning  this 
subject. 

The  characteristic  property  of  combusting  gas-permeable  systems  is  that  the  con¬ 
vective  mechanism  of  combusting  wave  propagation  essentially  prevails,  as  compared 
with  the  conductive  one.  As  a  result,  the  mass  combustion  rate  can  lead  to  an  in¬ 
crease  in  the  rate  of  layer-by-layer  combustion  of  a  monolith  block  by  severed  orders 
of  magnitude.  Such  a  regime  has  been  known  in  literature  as  convective  combustion 

(CC). 

Perhaps,  the  creators  of  the  first  specimen  of  a  firearm  who  filled  a  liner  with  black 
powder  were  the  first  to  have  used  the  convective  combustion  regime.  At  present,  the 
combustion  of  a  fill  charge  is  widely  applied  in  guns  of  various  types. 

In  combustion  of  condensed  systems,  this  regime  commonly  plays  a  negative  role. 
The  initiation  and  development  of  CC  in  the  cracks  and  pores  of  the  charge,  which 
under  certain  conditions  develops  into  detonation,  can  result  in  damaging  of  the  block. 
Combustion  in  fill  charges  and  single  pores  has  long  attracted  physicists’  attention. 
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The  essential  progress  in  understanding  these  processes  has  been  achieved  due  to  the 
works  by  K.  K.  Andreev,  A.  F.  Belyaev,  B.  S.  Ermolaev,  A.  I.  Korotkov,  N.  N.  Smirnov, 
A.  A.  Sulimov,  Godai,  S.  M.  Kovadiich,  M.  Kumar,  K.  Kuo,  A.  Chen  and  others. 

In  this  study,  we  made  an  attempt  to  find  a  means  of  controlling  the  CC  regime 
and  thus  to  obtaiin  useful  effects.  With  this  aim  in  view,  we  proposed  to  create  ordered 
porous  structures  in  the  bulk  of  the  charge.  As  an  example,  consider  a  “sandwich”, 
consisting  of  stacked  plane  parallel  plates,  with  network  of  capillary  channels  on  the  end 
surfaces.  The  combustion  of  the  “sandwich”  is  characterized  by  a  number  of  interesting 
effects,  the  most  importemt  of  which  are: 

•  initiation  and  development  of  the  CC  in  the  capillary  network, 

•  nonsteady  two-sided  after-burning  of  individual  plates. 

In  this  work,  a  detailed  study  of  the  CC  initiation  and  development  in  plane  cap¬ 
illary  networks  emd  the  location  of  ignition  spots  at  the  channel  walls  was  performed 
using  high-speed  filming.  The  steady-state  ignition  conditions  have  been  experimentally 
obtained  and  the  quantitative  characteristics  of  the  process  have  been  fotmd. 

During  the  two-sided  afterburning  of  the  symmetrical  elements  (plates),  an  inter¬ 
esting  type  of  a  nonsteady  combustion  associated  with  the  temperature  field  evolution 
inside  a  plate  (superposition  of  Mikhelson  profiles),  rather  than  with  the  variable  ex¬ 
ternal  conditions,  takes  place.  A.  D.  Margolin  and  Yu.  A.  Gostintsev  (1964)  were  the 
first  to  propose  a  theory  of  this  regime. 

Here,  emedytical  cind  experimental  results  concerning  the  plate  afterburning  in  a  half- 
closed  voliune  at  increasing  pressure  are  discussed.  An  expression  for  the  amplitude  of 
a  pressure  shock  well  correlating  with  numerical  results  and  test  data  has  been  obtained 
by  the  method  of  integral  relations.  In  order  to  find  out  the  “net”  effect  of  the  heating 
of  a  central  peirt  of  the  plate,  control  tests  of  lateral  afterburning  of  the  plates  were 
carried  out  over  a  wide  range  of  thermal  diffusivities. 

As  applications  of  the  above  phenomenon,  two  schemes  of  gas  generators  with  pro¬ 
gram  and  command  control  of  product  consumption  were  considered.  In  the  first 
scheme,  the  preset  cyclogram  of  combustion  is  provided  by  the  “sandwich”  assem¬ 
bly  of  solid  and  gas-permeable  plates.  In  the  second  scheme,  the  gas  inlet  control  is 
operationally  realized  by  means  of  an  electric  arc  fuse  positioned  along  the  “sandwich”. 
The  burnout  rate  determines  the  velocity  of  the  combustion  wave  along  the  charge. 

The  presented  test  results  for  the  gas  generators  have  proved  the  practicability  of 
the  regime  controlled  by  convective  combustion  with  a  significant  positive  effect  (30-fold 
consumption  control). 

An  active  control  of  a  burning  solid  propellant  charge  could  be  achieved  by  forcing 
cones  around  the  areas  of  faster  burning  rate.  A  general  concept  of  active  control  of 
cone  burning  is  presented  based  on  the  principles  implicit  in  metal  wire  technology.  We 
discuss  a  new  approach  employing  metal  elements  made  of  shape-memorizing  alloys. 
The  shape-memorization  phenomenon  in  metals  can  be  used  to  increase  the  extent  of 
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burning  rate  control.  This  concept  combines  the  use  of  thermal  mechanism,  mechanical 
destruction  of  channels  and  convective  combustion  in  pores. 

Erosive  burning  is  usually  due  to  the  increase  in  the  propellant  biirning  rate  caused 
by  high-velocity  combustion  gases  flowing  over  the  propellant  surface.  The  turbulent 
nature  of  the  flow  field  over  the  propellant  surface  contributes  in  two  ways  to  the 
erosive  burning  behavior.  First,  it  enhances  diffusive  mixing  of  the  fuel  and  oxidizer 
gases,  bring  the  gas-phase  reaction  zone  and  heat  release  zone  closer  to  the  surface  as 
the  free  strecim  velocity  increases.  Secondly,  the  rate  of  heat  transfer  to  the  propellant 
is  increased  because  turbulence  increases  the  transport  coefficients  of  the  gas  phase. 
The  overall  effect  of  turbulence,  therefore,  is  to  enhance  thermal  feedback,  which,  in 
turn,  increases  the  burning  rate  of  a  propellant. 

These  effects  are  more  important  in  swirling  flows.  A  concept  of  active  control  of 
solid  propellant  burning  rate  has  been  developed,  which  makes  use  of  the  influence  of 
swirl  intensity  on  the  erosive  burning.  The  effect  of  the  swirl  intensity  in  the  gas  flow 
blowing  along  the  propellant  surface  of  a  charge  of  channel-tube  shape,  was  studied 
experimentally.  Criteria!  expressions  for  the  erosion  factor  have  been  obtained  for  two 
orientations  of  the  burning  surface  with  respect  to  the  vector  of  mass  forces.  The 
expressions  obtained  have  been  reformulated  in  terms  of  modified  Vilyimov  parameter. 


PARAMETRIC  ANALYSIS  OF  THE  ZEL’DOVICH-SEMENOV 

MODEL 

V.  I.  Bykov,  T.  P.  Pushkaryeva 

Computer  Center,  660036  Krasnoyarsk,  Russia 


Model.  For  one  chemical  reaction  of  the  n-th  order  nA  — >  B,  where  A  is  hydro¬ 
carbon  and  B  is  the  combustion  product,  the  nondimensionahzed  mathematical  model 
of  continuous  stirred-tank  reactor  is 

79  = = /,(*.«).  (1) 

/(I)  =  (1  -  1)“. 
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The  steady  states  of  the  system  (1)  are  the  solutions  to  the  equations 


fi{z,  e)  =  0, 

/2(a:,  e)  =  0, 


(2) 


which  can  be  reduced  by  elementary  transformations  to 

m = pw-  (3) 

Here,  F{6)  is  the  heat  production  function  and  P{6)  is  the  heat  loss  function  under 
steady-state  conditions.  The  solutions  to  Eqs.  (2)  are  considered  in  the  region 

fi  =  {a:,  0:O<a:<l, 

Equations  (2)  have  one  or  several  steady-state  points.  These  points  are  analyzed 
using  Semenov  diagram,  where  the  dependencies  of  the  heat  production  and  heat  loss 
rates  under  the  steady-state  conditions  on  the  substance  temperature  in  the  reactor 
are  plotted. 

The  points  of  the  intersection  of  F{9)  and  P{$)  are  the  steady  state  temperature. 
For  the  steady-state  to  be  unique  it  is  necessary  and  sufficient  that  the  heat  loss  rate 
in  the  steady  state  be  greater  than  the  heat  production  rate,  i.e. 


P'  >  F'. 


(4) 


Stability  of  steady  states.  The  type  of  stability  is  known  to  be  determined  by 
the  roots  of  the  characteristic  equation 

-f  (tA  +  a  =  0, 


where  the  coefficients  <r,  A  are  defined  in  terms  of  the  elements  of  Jacobi  matrix  of  the 
right-hand  sides  of  Eqs.  (2)  in  the  steady-state: 

(T  -  (ail  +  CI22)  )  A  =  011022  -  012021) 


The  steady-state  is  stable  if  the  inequcdities  A  >  0  and  cr  >  0  are  satisfied. 

Parameter  dependencies.  The  steady  states  are  the  solutions  to  Eq.  (3)  or  the 
equation 

G{e)  =  F[6)  -  P{d).  (5) 


Let  us  rewrite  Eq.  (5)  as 


G{9,  Da,  Se)  =  0, 


(6) 


where,  apart  from  6,  two  parameters,  Se  and  Da,  are  resolved.  By  virtue  of  the 
specificity  of  the  system  (2),  Eq.  (6)  is  linear  in  Se  and  Da,  and  (6)  can  be  represented 
as 


Dagi{e)  -  g2{6)  or  Da  =  Da{d)  = 
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By  constructing  the  dependence  Da{0),  we  obtain  a  function  which  is  inverse  to  the 
xmknown  pareimetric  dependence  0{Da).  Knowing  0{Da)  and  using  Eqs.  (2),  we  can 
construct  the  dependence  x{Da). 

Thus,  the  dependence  of  the  steady  state  on  parameters  can  be  constructed  without 
iteratively  solving  the  algebraic  equation  (3). 

Multiplicity  curve.  The  set  (2)  involves  four  parameters:  Da,  /3,  7  and  Se.  Let 
ns  construct  the  multiplicity  curve  in  the  plane  of  two  parameters,  for  example.  Da 
and  Se.  We  need  to  solve  the  equations 

G{e,  Da,  Se)  =  0.  (7) 

^{e,  Da,  Se)  =  0.  (8) 

Substituting  the  explicit  expression  for  Se(0,Da),  obtained  from  Eq.  (7),  into  Eq.  (8), 
one  can  write  out  the  equation  for  the  boundary  of  the  steady  state  multiplicity  region 

in  the  parameter  plane  {Da,  Se): 

L^{e,  Da{e),  Se{$,  Da))  =  0  (9) 

Neutrality  curve.  When  A  >  0,  the  stability  is  determined  by  the  sign  of  cr:  if 
<r  >  0,  the  steady  state  is  stable,  and  if  o'  <  0,  it  is  imstable.  This  the  cmve  Ly.  <r  =  0 
corresponds  to  the  bifurcation  points  of  parcuneters  and  can  be  used  to  analyze  the 
change  in  the  steady  state  stability.  The  curve  is  defined  by  the  equations 

G(0,  Da,  Se)  =  0  (10) 

(t(0,  Da,  Se)  =  0  (11) 

By  substituting  the  explicit  expression  for  Da{6),  obtained  from  Eq.  (10),  into  Eq.  (11), 
one  can  eirrive  at  the  explicit  form  of  the  equation  for  the  curve  L^. 

The  mutual  configuration  of  the  multiplicity  and  neutrality  curves  in  various  pa¬ 
rameter  pl^ules  is  most  interesting,  because  it  provides  a  basis  for  a  comprehensive 
classification  of  steady  states.  The  explicit  form  of  the  local  bifurcation  cmves  and 
La  in  various  plauies  of  dimensionless  parsuneters  also  makes  it  possible  to  construct 
these  curves  in  various  planes  of  actual  dimensional  parameters.  In  this  work,  the 
curves  and  La  are  constructed  in  the  (T°,  Co)  plane,  where  Co  is  the  concentration 
of  oxygen  in  the  fuel-air  mixtiue  of  hydrocarbons  (for  n  =  1). 

Phase  portraits.  The  bifurcation  curves  L^  and  La  divide  the  parameter  plane 
into  six  regions  which  are  distinguished  by  the  number  and  stability  type  of  the  steady 
states.  For  a  fixed  set  of  parameters,  each  phase  portrait  was  constructed  by  integrating 
the  set  of  the  two  ordinary  differential  equations  (1)  with  various  initial  conditions.  The 
values  of  (®(0),  ^(0))  were  taken  on  the  boundeiry  of  the  reaction  simplex  Q. 

Time  dependencies.  When  Eqs.  (1)  have  a  single  stable  steady  state,  the  solution 
{x{t),  6{t))  tends  to  it  as  r  — >  00  with  any  initial  conditions.  If  the  equations  have 
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three  steady  state  solutions  (one  unstable  and  two  stable),  x{t)  and  9{t)  tend  to  one  of 
the  stable  steady  states.  The  temporal  self-oscillations  of  the  dimensionless  temperature 
and  concentration  are  of  relcixational  nature. 

Conclusion.  The  developed  method  can  be  applied  to  other  parameter-dependent 
models  of  CSTR.  For  example,  the  model  reaction  O2  +  Uj4  — >  5  in  some  cases  is 
similar  to  the  Zel’dovich-Semenov  model.  Thus,  its  parametric  analysis  can  follow  the 
demonstrated  scheme.  The  mutual  configuration  of  bifurcation  curves  makes  it  possible 
to  predict  the  ignition  conditions  and  dynamic  behavior  of  a  combustion  process. 


;  MEAN  DYNAMICS  OF  FORCED  WRINKLED  FLAMES 

Pierre  Cambray,  Karl  Joulain,  Guy  JouHn 

y  Laboraioire  d’Energeiique  et  Deionique,  URA  193  CNRS,  ENSMA 

'  Site  du  Fuiuroscope,  B.P.  109,  86960  FUTUROSCOPE  (Poitiers  —  France) 

\ 

;  In  the  absence  of  significant  body  forces,  premixed  flames  propagating  in  quies¬ 

cent  gases  are  subject  to  the  Landau  [1]  —  Darrieus  (2)  instability:  the  long-wave, 
harmonic  (~  r(t}exp(ik.X})  infinitesimal  disturbances  of  a  planar  front  have  an  am¬ 
plitude  governed  by  F/F  =  5in|I:|  (with  (1:|  =  (k  ■  Si  =  laminar  flame  speed, 
n  =  known  positive  dimensionless  function  of  the  den.sity  contrast  7  =  {p^^  -  Ph)i Pu)- 
Loccd  changes  in  the  burning  speed  due  to  curvature  and  stretch  modify  the  dy¬ 
namics  to  F/F  =  5x;fi|fc|(l  -  \k\/ Kneutrai)  with  the  net  result  that  only  the  modes 
with  k  below  the  neutral  wavenumber  Kneutrai  lead  to  exponentially  growing  ampli¬ 
tudes.  The  minimum  of  F/F,  attained  at  \k\  =  Kneutrail^>  defines  the  characteristic 
;  time  tiD  =  {4/^SL)Kneutral-  If  the  fresh  gases  are  weakly  turbulent  (RMS  intensity 

u'  <  0(Si))  the  above  mechanisms  of  wrinkling  still  exist  but  must  compete  with 
the  incoming  velocity  fluctuation  and,  of  course,  with  nonlinearity.  To  analyze  such 
situations  we  studied  the  forced  Michelson-Sivashinsky  equation  [3] 

^  +  ~{a<l>x2  +  (1  -  a){<f>x2))  =  Sin  +  I{<t>yX))  +  u{t,X)  (1) 

^  neutral  / 

where  0(7)  >  1  is  known,  the  linear  operator  I{<f>,X)  is  defined  by  ,X)  —  |A!|e‘^-^ 
and  (•)  denotes  a  transverse  average.  In  the  absence  of  forcing  (u'  =  0),  Eq.  (1)  was 
recently  shown  to  yield  fair  quantitative  predictions  [4]  for  the  shape(s)  and  .speed(s) 
of  spontaneously-grown  wrinkles. 
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Figure  1:  Sample  time-evolutions  of  Ac(t).  Curve  a;  linearized  version  of  Eq.  (1); 
Ciurve  b:  from  Eq.  (1)  with  noise  cut-off  for  t  >  btiD]  Curve  c:  Regular  case,  with 
noise  from  t  =  0  onward.  All  curves  correspond  to  50  realizations  of  u{t,X). 


The  forcing  function  u(t,  Z),  meant  to  represent  propagationwise  turbulent  velocity 
fluctuations,  is  a  two-dimensional  superposition  of  “square  eddies’’  at  the  mean  flame 
location  Z  =  (Zf)  =  -Sit  +  {4>)  (hence  {Zf)  ~  -Si{l  +  {<l>x^)l‘^))^ 

u(t,  X,  Z)  =  ti'  ^  (T„  cos{nKhoxX  -b  Xn)  cos{nKboxZ  +  Zn  +  a>„t)  (2) 

n>l 

Apart  from  Eq.  (2)  involves  the  phases  X„  —  r„27r  and  =  rj,27r  and  turnover 
frequencies  a;„  ~  (r„u'n/f’t,oj,(2r"  -  1)  defined  in  terms  of  independent  random  vari¬ 
ables  (r„,  r'n,  r")  which  are  seimpled  uniformly  over  [0, 1];  the  weights  Un  determine  the 
spectral  energy  of  u(t,X)  and  are  defined  by 


in  terms  of  the  integral  length  of  forcing.  Lint  —  2TlK{nt,  and  of  the  imposed  spectrum 

S(-). 

Assuming  <^(0,X)  =  0  and  27r/if(,ox“periodicity  in  X,  we  studied  Eq.  (1)  numeri¬ 
cally  and  analytically,  focusing  on  the  mean,  ensemble- averaged  spacing  Ac(t)  between 
flame  crests  (local  maxima  of  <f>).  Examination  of  many  histories  Ac(t)  such  as  that 
labelled  “c”  in  Fig.  1  led  us  to  distinguish  among  three  consecutive  stages. 

Linear  stage:  While  <f)x  is  still  small,  one  can  linearize  and  solve  Eq.  (1)  to  show 
that  the  corresponding  Ac(t)  approaches  2A„eutrah  as  shown  by  curve  “a”  in  Fig.  1. 
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This  lasts  iintil  ceases  to  be  negligible,  i.e.  for  t  <  t,  with  [5] 


■  <f 


A  = 


-'mfc 


^neutral 


(4) 


For  u'{{Si,t^))tiDi  aiid  an  analysis  shows  that  the  influence  of  u{t,X)  is  then  felt  at 
early  times  only  {t  ~  tiD)- 

When  t  =  U  +  approximately  equidistributed  and  mature  cells  have  been 

born;  they  are  about  ^Aneutral  wavelength,  hence  it  I  Kbox^neutral  number,  and 
have  0{ClfaKneutral)  amplitudes.  At  t  ~  t,,  they  begin  to  enter  a  coalescence  stage 
during  which  Ac(t)  increases  linearly;  curve  “6”  in  Fig.  1,  obtained  numerically  from 
Eq.  (1)  by  setting  u'/Si  =  0  for  t  >  0{tiD),  shows  that  the  coalescence  is  unaffected 
by  the  noise  [5],  because  the  corresponding  cell  troughs  are  too  highly  curved  [6].  An 
inspection  of  the  exact  solutions  of  the  unforced  MS  equation  that  are  provided  by  the 
pole-decomposition  method  [7]  confirmed  that  the  coalescence  stage  is  governed  by  the 
free-flame  dynamics  with  dAcfdt  =  const  =  0,3AneutralltLD-  The  latter  statement  is 
also  confirmed  by  an  approximate,  mean-field  analysis  of  the  collective  crest  dynamics; 
which  is  reduced  to  a  nonlinear  recursion  for  the  pdf  of  finding  the  crests  about  evenly 
spaced  location  and  turned  out  to  be  statistically  self-similar  asymptotically. 

Finally,  when  the  cells  become  wide  enough  to  be  sensitive  to  the  external  distur¬ 
bances  despite  the  stretch  effect  induced  by  the  curvature  of  their  troughs  [6],  they 
can  break  and  ultimately  reach  an  equilibriixm  stage  during  which  noise-induced  crest 
implants  balance  coalescence.  The  corresponding  value  Acrat  of  Ac  can  be  computed 
(5-8},  upon  adapting  ideas  from  [6,  9),  as 


Sl  ’ 


u 


eJi 


Sl 


u'  a  /A5'(A)\2 


(5) 


where  c  is  a  constant  and  ^  =  Acre$t/ ^neutral-  The  values  of  £  implied  by  Eq.  (5)  are 
such  that  the  small  subwrinkles  generated  by  forcing  at  the  mean-cell  trc  rghs  reach 
finite  amplitudes  comparable  to  Acre»t  itself  after  (Lagrangian)  amplification  by  the 
LD  instability  in  presence  of  the  curvature  effect  and  geometry-induced  stretch.  At 
least  fi  sufficiently  smedl  "'tensities  of  forcing,  we  successfully  checked  (e.g.,  see  Fig.  2) 
all  the  li  ictional  dependencies  implied  by  Eq.  (4),  (5,  8],  including  the  effects  of  the 
shape  of  the  spectrum  5(-)  and  of  Lint  upon  Acreat’)  more  details  are  given  on  the  posters. 


t' 


i 

I 


if-' 

i- 


Acknowledgement 

We  are  indebted  to  the  European  Community  for  support  under  contract  CEC/ 
BENZ/ENSMA  Joue-0014-D(AM). 


279 


4- 


4 


Figure  2:  Reduced  mean  spacing  between  crests,  the  reduced  intensity  of  forcing 
(Eq.  (5))  for  a  Lorentz  spectrum  (5(*)  =  1/(1  +  z*)).  Symbols:  from  Eq.  (1),  af¬ 
ter  averaging  over  50  realizations  of  u{t,  );  Solid  line:  analytical  prediction  of  Eq.  (5). 
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IONIZATION  DIAGNOSTICS  OF  OSCILLATION  REGIMES  IN 
THE  CYLINDER  OF  AN  INTERNAL  COMBUSTION  ENGINE 

J.-O.  Chae*,  V.  M.  Shmelev^,  K.  M.  Lee^j  C,  S.  Cliung* 

*Mech  Eng  Dept,  Inha  University,  Inchon,  Korea 
'  *  Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 

^ 'Fluid  and  Climate  Control  Research  Lab,  KATECH,  Korea 

Measurement  of  ionization  current  (IC)  in  an  internal  combustion  engine  (ICE) 
cylinder  is  a  prospective  method  of  combustion  diagnostics.  The  spark  plug  can  be 
used  as  an  ionization  probe  in  a  spark  ignition  engine  (SIE),  as  well  as  the  glow  plug  in 
a  diesel  engine  (DE).  The  combustion  processes  and  the  motion  of  combustion  products 
in  the  cylinder  are  frequentjly  accompanied  by  oscillation  phenomena.  In  this  paper,  the 
nature  of  these  oscillations  is  analyzed  by  comparing  pressure  and  IC  measurements.  It 
is  shown  that  oscillations  -.  f  regular  type,  such  as  entropy  waves,  acoustic  oscillations, 
and  relaxation  oscillations,  occur  in  the  cylinder  when  the  gas  flows  out  of  half-closed 
volumes  (for  example  from  DE  prechamber). 

The  investigations  were  conducted  for  different  ICE  types.  The  experiments  showed 
that  the  strongest  IC  mode  was  the  oscillation  at  the  frequency  of  1-2  kHz  in  normal 
combustion  regimes  for  each  type  of  the  tested  engines  of  similar  dimensions  (Fig.  1). 
The  oscillations  appear  when  the  engine  speed  exceeds  a  critical  value  or  in  transient 
regimes,  which  points  to  a  rough  excitation  mechanism.  The  oscillations  were  almost 
nondetectable  by  a  pressine  sensor  and  could  appear  when  the  pressure  increased  or 
decreased.  The  nature  of  these  oscillations  can  be  attributed  to  entropy  waves. 

In  a  DE  with  prechamber,  the  amplification  of  relaxation  oscillations  can  occur  when 
the  gas  flows  from  the  prechamber  to  the  main  chamber.  In  this  case,  the  resonance 
mode  appears  at  the  frequency  F  =  SCjVp.  Here,  Vj,  is  the  prechamber  volume,  S  is 
the  cross  section  of  the  prechamber  orifice  and  C  is  the  soimd  velocity.  The  experiments 
showed  that  the  oscillations  of  this  particular  frequency  develop  in  the  chamber  when 
the  instability  develops. 

The  experiments  in  a  model  setup  v/ere  carried  out  to  investigate  these  phenomena 
in  more  detail.  The  setup  was  a  0.25-1  bomb  with  a  prechamber  of  variable  volume  Vp 
(VJ,  =  10-20  cm^)  separated  from  the  main  chamber  by  a  diaphragm  with  an  orifice  of 
cross  section  5  =  0.2-0. 8  cm^.  The  volmne  was  first  evacuated  and  then  filled  to  the 
atmospheric  pressure  by  a  mixture  of  natural  gas  of  volumetric  concentration  xp  and 
cdr.  The  mixture  in  the  prechamber  was  ignited  by  a  conventional  spark  plug.  The 
spark  plug  was  used  as  an  ionization  probe.  The  experimental  results  showed  that,  in 
the  absence  of  the  diaphragm,  combustion  of  the  mixture  could  proceed  in  the  laminar 
regime  within  its  flammability  limits.  The  typical  records  of  pressure  and  IC  histories 
show  that  the  probe  detects  a  magnitude  of  IC  during  the  first  several  milliseconds  after 
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Figure  1:  Typical  pressure  (P)  and 
ionization  current  (/)  record  for  lab¬ 
oratory  single-cylinder  SIE  (Al),  vol¬ 
ume  is  0.3/,  1000  rpm,  3  kgm  torque. 
The  scales  are  20  atm  and  0.5  /xA  per 
division. 


Figure  2:  Typical  pressure  (P)  and  ion¬ 
ization  current  (/)  records  for  model 
setup.  The  scales  are  2  atm  and  20  ^lA 
per  division. 


Figure  3:  The  amplitudes  of  first  (1) 
and  second  (2)  pulses  of  IC  in  model 
setup  for  l^p  =  10  cm^,  5  =  0.2  cm^. 


Figure  4:  Typical  pressure  (P)  and  ion¬ 
ization  current  (7)  records  for  abnor¬ 
mal  combustion  regime  in  SIE  (Al)  at 
1000  rpm.  The  scales  are  20  atm  and 
0.5  mA  per  division. 
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i^tiq&  Tlieh'tlie  lG  sighal'fjills  off  sharply.  This- is  due  to  the  cooling  of  combustion 
product^' by- the-pliig  electrodes  and- diiimbef 'walls; 

The  records  of  presstire  antf  IG'are  different-if-the  diaphragm  is  installed.  A  second, 
more  powCTfiili'piiise  of  IG  is  observed  after'-the'first  pulse  corresponding  to  the  laminar 
combustion  of  the  prechamber  ihixture.  The  pressure  also  ihcreases  (Fig.  2).  The  ratio 
of  the  secoxid  to  the  first  pulse  amplitudes  depends ‘on  the  cbhcehtfatioh  V'  (Fig-  3) 
and  reaches  2  at  its  maximum.  In  the  rich  mixturies  with  rp  >  0.105,  the  second  IG 
pulse  disappears.  These  pressure' and  IG  records  show  that  during  the  combustion  of 
prechamber  mixture  the  combustion  products  flow  through  the  diaphragm  orifice  into 
the  main  chamber  with  subsequent  flame  jet,  ignition  and  turbulent  combustion.  The 
relaxation  oscillations  are  excited  ^ter  a  rapid  increase  in  pressure.  The  frequency  of 
these  oscillations  changed  in  accordance  with  the  relationship  F  =  SC jVp  in  the  range 
of  0.5-2  KHz  when  the  parameters  Vp  and  S  were  varied. 

When  the  knock  appears  in  the  ICE  cylinder,  the  oscillation  frequency  is  within 
5-6  KHz.  The  knocking  acoustic  wave  frequency  is  determined  by  the  cylinder  bore  L: 
F  =  G/i,  and  the  amplitude  of  the  ionization  signal  is  very  sensitive  to  the  pressure 
oscillation  amplitude. 


A  MODEL  SOLUTION  FOR  REACTIVE  FLOW  IN  POLYTROPIC 

MEDIA 

M.  Cowperthwaite 

SRI  International,  333  Ravenswood  Avenue,  MenloPark,  Californio,  94025  USA 


Introduction 

An  explicit  solution  for  an  idealized  reactive  flow  problem  is  presented  to  provide 
a  better  imderstanding  of  reactive  flow  and  its  dependence  on  the  characteristic  times 
associated  with  the  hydrodyncimic  and  energy  release  rate  processes. 

The  Solution  for  an  Idealized  Reactive  Problem 

Our  idealized,  reactive  flow  problem  is  based  on  Lagrange’s  problem  in  interior  bal¬ 
listics  [1,  2].  We  consider  a  length  (/q)  of  polytropic  explosive  contained  in  a  tube  of 
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miit^.cross.sectidh'betwe^, a  rigid; wall'and  ^, piston. drabtediviespectively,  by  the  sub¬ 
scripts  w  andp.  The  piston  is  withdra^-at-time,;t  =  0,;but  in  contrast  to  Lagreoige’s 
p^pblemj  the.e^lbsive  is.^pwed  to  react  at;a  finite  rate. 

Our  e^licit,s6iutipn  .t,o  .'^he  pne-dmensional  conservation  equations  governing  the 
inviscidj  anabatic  flow  produced  in  the  tube  as  chemical  energy  is  liberated  in  the 
expanding  polytropic  material,  can,  be  written  as: 


P 

Pi 


where  t,  x,  v,  u,  p  and  k  denote,  respectively,  time,  distance,  specific  volume,  par¬ 
ticle  velocity,  pressure  and  polytropic  index,  A  and  Q  denote  the  extent  and  heat  of 
decomposition  of  the  explosive,  i  denotes  the  initial  condition  when  A  =  0,  and  the 
characteristic  hydrodynamic  time  f3  =  {lojup). 

This  solution  is  based  on  (a)  Lagrange’s  approximation  that  the  flow  between  the 
rigid  wall,  where  *,<,  =  Uu,  =  0,  and  the  piston  satisfies  the  condition  {dvldx)t  =  0,  and 
(b)  the  condition  that  the  flow,  on  the  one  hand,  must  satisfy  the  isentropic  constraint, 
pv^  =  pivf  when  Q  =  0,  and  on  the  other  hand,  must  satisfy  the  isentropic  constraint, 
pt)**  =  pfVf  after  the  decomposition  rate  terminates,  dX/dt  -  0,  at  the  pressure  p/  and 
the  volume  Vf. 

Particular  Solutions  for  our  Idealized  Reactive  Flow  Problem 


Particular  solutions,  constructed  for  different  decomposition  rates  will  be  presented 
in  the  paper,  but  because  of  space  limitations  only  the  solution  for  the  rate. 


dt  a  V  a/ 


(4) 


will  b'j  considered  here,  Using  Eq.  (4)  to  perform  the  integration  in  Equation  (3)  leads 
to  the  following  equation  for  the  pressure. 


Pi\Vi)  k{k  +  l)piVi  a 


with  the  (v/vi)  terms  and  the  (1  -  A)^/^  term  known  functions  of  t  from  Eqs.  (1)  and 
(4).  Equation  (5)  shows  the  explicit  dependence  of  the  pressure  on  the  ratio  of  the 
characteristic  hydrodynamic  time  0  to  the  characteristic  decomposition  time  a. 
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Because  dpjdt  <  0  when  the  decomposition  ends  at  A  =  1,  the  condition  for  the 
pressure  history  to  exhibit  a  maximum  is  that  dp! dty  6  when  the  decomposition  begins 
at  A  =  0.  Formulating  this  condition  with  the  energy  equation  shows  that  the  pressure 
will  attain  a  maximum  (p)  when 


kpiVi 


2(k  -  1)Q 


(I) 


<  1 


(6) 


Differentiating  Eq.  (5)  with  respect  to  t  and  setting  dp/dt  =  0  gives  the  equations 
for  the  volume  v  and  the  time  i  when  p  =  p  as 


Vi  [ 


a 


i+(‘+i)^ 


1- 


kpiVid  1 '{ 

2{k-l)Ql3\j 


(7) 

(8) 


a  a  \  Vi  ) 

Examination  of  Eqs.  (7)  and  (8)  shows  that: 

•  vfvi  =  1  and  ija-Q  when  a/^  =  2{k  ~  l)QlkpiVi\ 

•  v/vi  «  1  +  a//?  and  i/a  «  1  when  kp{Vi/2{k  +  !)<?<!  and  (a//0)2  <  1. 

Thus,  when  kpiVi/2{k  -  <  1,  the  maximum  in  the  pressure  history  moves  from 

t/o  =  0  to  t/a  «  1  +  Ci/fi  as  a//3  decreases  from  the  value  2{k  -  l)Q/kpiVi  to  values  of 
a/P  for  which  (a//3)^  aud  higher  terms  can  be  neglected. 

Nondimensional  pressure  versus  t.me  profiles  for  the  polytropic  explosive,  with  k  = 
3,  {k  -  l)Q/piVi  =  2,  and  different  values  of  a/13  are  shown  in  Fig.  1  to  provide  a 
more  illustrative  description  of  the  influence  of  chemical  reaction  on  hydrodynamic 
flow.  Because  the  reaction  terminates  when  t/a  =  1,  the  entropy  increases  along 
these  profiles  until  t/a  =  1  but  thereafter  remains  constant.  The  relative  positions  of 
these  isentropes  in  the  nondimensional  (p/pi-v/vi)  plane  is  governed  by  the  following 
equation  for  the  pressure  and  volume  at  the  end  of  the  reaction  zone. 


(9) 


that  is  obtained  from  Eq.  (5),  by  setting  ife  =  3,  (Jfe  -  l)Q/piVi  =  2,  A  =  1  and  t  =  a. 
Differentiating  Eq.  (9)  with  respect  to  a/j3  gives  the  equation 


d{a/l3) 


SV  20) 


(10) 


which  shows  that  p/v^  increases  as  a//3  increases.  Thus,  in  the  {p/pi-v/vi)  plane,  an 
isentrope  with  a  given  value  of  a//3  lies  to  the  right  of  an  isentrope  with  a  lower  value 
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Figure  1:  Nondimensional  pressure  (p/pi)  versus  nondimensional  time  {t/a)  profiles  for 
the  polytropic  explosive  with  A:  =  3,  {k-l)QlpiVi  =  2,  and  different  values  of  the  ratio 
of  the  characteristic  chemical  time  (a)  to  the  characteristic  hydrodynamic  time  (/3). 

of  ci/l3  and  to  the  left  of  an  isentiope  with  a  higher  value  of  a/f5.  In  addition,  for  the 
pressure  histories  shown  in  Fig.  1,  the  entropy  produced  by  the  reaction  increases  as 
a//3  increases. 

Conclusions 

A  solution  to  an  idealized,  reactive,  flow  problem,  based  on  Lagrange’s  approxima¬ 
tion  for  interior  ballistics,  was  constructed  and  its  particular  solutions  were  used  to 
provide  an  insight  into  the  influence  of  chemixal  reaction  on  hydrodynamic  flow.  The 
pressure  histories,  with  different  values  for  the  ratio  of  the  characteristic  chemical  time 
to  the  characteristic  hydrodynamic  time,  presented  in  this  abstract,  illustrate  differ¬ 
ent  types  of  Lagrange  pressure  histories  that  are  observed  during  the  shock-initiation 
process  in  heterogeneous  explosives. 
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AN  ELECTROMAGNETIC  FIELD  EFFECT  ON  SPIN 

COMBUSTION  , 

1.  A,  Filimonov*,  N.  1.  Kidin* 

'‘Institute  of  Structural  Mdcrokinetics,  Chernogolovka,  Russia 
*  Institute  for  Problems  in  Mechanics,  Moscow,  Russia 

Recent  experimental  investigations  raised  problem  of  theoretical  treatment  of  possi¬ 
ble  ilectromagnetic  effects  on  combustion  of  SHS  systems,  the  thermal  effect  being  the 
simplest  , among  them.  It  can  be  due  to  additional  Joule  energy  dissipation  in  different 
manner  in  different  zones  of  an  SHS  wave,  thus  affecting  the  wave  front  stability  and 
propagation  mode.  Extensive  theoretical  analysis  of  the  thermal  mecheinism  in  the  case 
of  an  electric  current  passing  through  the  burning  sample  [1-3]  showed  (see  [3])  that 
under  the  limit  of  SHS  wave  propagation  the  combustion  modes  could  be  changes  in 
the  simplest  way.  However,  at  the  limit  of  combustion  many  SHS  systems  are  known 
to  burn  in  the  spinning  mode.  Therefore,  investigation  of  the  effect  of  electromagnetic 
energy  absorption  on  the  spinning  mode  of  SHS  is  of  special  interest. 

The  model  presented  is  based  on 
the  spin  propagation  theory  (4).  Usual 
ln(p/(y  assumptions  concerning  homogeneity 

of  the  reacting  medium  with  respect 
1®’  V  to  the  diffusion  processes  and  high  ac- 

12-  A=20  kcal/mol  •  tivation  energies  of  che  chemical  re- 

action  (Zel’dovich  number  Ze  ^  1, 
”  A=l4  kcal/moi  Ze  =  E[T6-To]/E2\^)  were  made  there. 

Moreover,  the  characteristic  scales  of 

- - - , - ,  temperature  distribution  in  the  spin 

®  0.5  1.0  mode  were  indirectly  assu  ned  to  be 

much  smaller  than  the  diameter  of 
burning  cylindrical  sample  [4].  Under 
Figure  1:  The  conductivity  pMame-  these  assumptions,  the  heat  transport 

ters  for  systems  Mo  -b  B  (1),  Ti  -f  C  equation  in  general  form  with  due  to  re- 

(2)  (adaptation  of  results  obtained  by  gard  for  the  absorption  of  electromag- 

Bloshenko  ti  al  (6,  7]).  netic  energy  in  the  skin  layer  of  the 

sample  is  used  in  the  present  study. 

An  external  electromagnetic  field  of  the  limited  frequency  w  at  which  the  quasi¬ 
stationary  energy  absorption  occurs  [5]  is  considered.  In  view  of  the  strong  nonlinear 
dependence  of  electric  conductivity  on  temperature  in  most  SHS  systems,  such  as  Mo 
-b  B,  Ti  -f  C  (see  [6,  7],  Fig.  1),  we  can  consider  the  dissipation  of  electromagnetic 
energy  as  an  additional  competing  process  of  thermal  wave  propagation  in  the  system. 


A^O  kcal/mol 


A=14  kcal/niol 


Figure  1:  The  conductivity  pMame- 
ters  for  systems  Mo  -b  B  (1),  Ti  -b  C 
(2)  (adaptation  of  results  obtained  by 
Bloshenko  et  al.  (6,  7]). 
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Pigute  2:  ‘Region  of  the  spin  mode  ex¬ 
istence  without  electromagnetic  field; 
RTb/E  =  0.1,  0a  =  0,  /  =  0,  7  =  3.5. 
1  —  H  =  4.62,  2  —  7.31,  3  —  11.58,  4 
—  23. 


Figure  3:  Region  of  the  spin  mode  ex¬ 
istence  in  electromagnetic  field. 
RTb/E- =  0.1,  RTb/A  =  0.2,  ©a  =  0, 
EA-^aolEoWQk)  =  1,  7  =  3.5,  /  = 
1:  1~H  -  4.62,  3  —  11.58;  /  =  0.3: 
2— R  =  11.58. 


Nevertheless,  it  is  associated  not  with  chemical  conversion  but,  for  example,  with  the 
removal  of  the  oxide  films  in  the  green  mixture  (their  dissolution  or  evaporation)  or 
with  a  phase  transition. 

Calculation  shows  that  the  conditions  favoring  the  existence  of  the  spinning  mode 
are  determined  by  the  rate  of  heat  transfer  to  the  center  of  the  sample,  rather  than 
that  to  the  products  or  the  green  mixture.  Increasing  heat  transfer  to  the  center  (with 
the  decrease  in  H)  reduces  the  region  of  the  spin  existence.  At  sufficiently  high  rates 
of  heat  transfer  the  spin  does  not  exist  (see  Fig.  2).  The  parameters  selected  j  .^Id  the 
value  of  the  critical  characteristic  length  of  temperature  distribution  H  =  3.67.  The 
same  takes  place  with  the  increase  in  the  sample  diameter  oc  L  (see  Pig.  2).  The  trends 
observed  correspond  to  the  conclusions  made  in  [4]. 

The  pattern  is  different  with  absorption  of  electromagnetic  energy.  In  the  case  cor¬ 
responding  to  the  absence  of  the  electromagnetic  wave  at  sufficiently  high  rates  of  heat 
transfer  to  the  sample  core,  the  region  of  existence  of  the  spinning  mode  expands  due 
to  the  effect  of  electromagnetic  energy  absorption  (c/.  Figs.  2,  3).  Figure  3:  Region  of 
the  spin  mode  existence  in  electromagnetic  field.  RTb/E  =  0.1,  RTb/A  =  0.2,  ©o  =  0, 
EA-\(TQ\EQ\^/Qk)  =  1,  7  =  3.5,  /  =  1:  1  —  H  =  4.62,  3  —  11.58;  /  =  0.3:  2  — 
H  =  11.58. 

Wliile  in  the  case  of  moderate  heat  transfer  to  the  center  of  a  tlxick  sample  or  weak  elec¬ 
tromagnetic  energy  dissipation,  the  chemical  reaction  front  degenerates  to  a  spinning 
thermal  wave  in  the  mode  of  oxide  films  removal  or  phase  transition  (see  Fig.  3  (2,  3)). 
There  is  no  chemical  conversion  in  such  a  wave.  With  increasing  efiiciency  or  intensity 
of  the  electromagnetic  energy  absorption,  the  mode  of  oxide  films  removal  develops 
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irito'!chemical  reaction  with  a  high-temperature  front  characterized  by  a  propagation 
velpcity«(see  Eig;;3''(-2;  3)). 

Thus,  at  sufficiently  large  heat  removal  and  limited  absorption  of  the  electromag¬ 
netic^  energy,  thet  reaction  front  cannot,  emst,  and-  a  heat  wave  propagates  across  the 
sample  in  the  inbde  of  oxide -film  removal  without  cheniical  conversion.  La  contrastj  at 
limited  heat  removal  and  sufficiently  efficient  dissipation  of  Joule  energy  in  the  area  of 
the  spin  head,  the  removal  of  the  oxide  films  is  accompanied  by  chemical  reactions  with 
intense  product  formation  in  the  front. 
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STABILITY  OF  REACTION  FRONTS  IN  LIQUIDS 


M.  Garbey,  A.  Taik,  V.  Volpert 

Laboratoire  d’Analyse  Nummque 
Universite  Lyon-1,  France 


1  Mathematical  Formulation 

The  experiments  show  that  propagation  of  reaction  fronts  in  liquids  can  be  strongly 
influenced  by  hydrodyncimics  [1,  2,  6].  On  the  one  hand,  the  exothermic  reaction  can 
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causae  convection. of- aiUquid,,.whidi''can%even  'lead'’to  the  extinction  of  reaction  front. 
On  the  other  hand,  hydrodynamic  perturbations  can  influence  the  thermal  stability  of 
the;reactidn front.  ,  ,, 

To  .study,  tthe  sta.bility  of  reaction  fronts  in  liquids,  we  consider  a  model  which 
includes  the  heat  equation,  equation  for  concentration,  and  the  Navier-Stokes  equations 
in  the.Boussinesq.  approidmatibn: 

^  +  uVT  =  KAT  +  qK{T)(f>{a)  (1.1) 

^  +  uVa  =  KiT)<f>ia)  (1.2) 

A  « 

+  (uV)u  =  -(-Vp  +  J/Au  +  ^pg{T  -  To)  (1.3) 

01  p 

divu~0  (1.4) 

Here  T  is  the  temperature,  a  is  the  concentration  of  the  reaction  product,  u  is  the 
velocity  of  the  medium,  p  is  the  pressure,  k  is  the  thermal  diffusivity,  q  is  the  adiabatic 
heat  of  the  reaction,  p  is  the  density,  u  is  the  viscosity,  7  is  the  unit  vector  in  the  vertical 
direction,  13  is  the  coefficient  of  thermal  expansion,  g  is  the  gravitational  acceleration. 
To  is  the  average  value  of  temperature, 

K{T)  = 


ko  is  the  pre-exponemial  factor,  E  is  the  activation  energy,  R  is  the  gas  constant,  <j>{a) 
is  a  kinetic  fvmction  which  we  assume  to  correspond  to  a  zero-order  reaction.  In  the 
equation  for  the  concentration  we  neglect  the  diffusion  term  since  the  diffusivity  for 
liquids  is  usually  much  smaller  than  the  thermal  diffusivity,  and  the  characteristic  time 
of  mass  diffusion  is  much  shortfr  than  that  of  heat  diffusion.  The  stability  of  a  gas 
combustion  wave  was  studied  in  the  Boussinesq  approximation  in  (4). 

We  perform  a  linear  stability  analysis  of  the  model  (1. 1-1.4)  and  find  cellular  and 
oscillatory  stability  boundaries.  We  consider  the  fronts  propagating  upward  and  down¬ 
ward  and  study  the  cases  in  which  the  product  of  the  reaction  is  solid  or  liquid.  Both 
of  them  are  possible  in  experiments  on  frontal  polymerization,  which  provides  an  inter¬ 
esting  example  of  reaction  fronts  in  liquids.  The  boundary  conditions  at  the  infinities 
depend  on  the  direction  of  the  front  propagation  and  have  the  usual  form.  We  neglect 
the  influence  of  the  side  walls  of  the  reactor. 

The  results  of  the  analysis  are  discussed  briefly  below. 

2  Reaction  Fronts  with  a  Solid  Products 

To  study  the  problem  analytically,  we  apply  the  infinitely  narrow  reaction  zone 
method  suggested  by  Zel’dovich  and  Prank-Kamenetskii  for  gas  combustion  [7]  and 
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developed  by  Novozhilov  for  reaction  fronts  in  condensed  media  [5].  This  approach 
allows  us  to  reduce  the  system  of  Eqs.  (1.1-1-4)  to  a  singular  perturbation  problem 
with  the  reaction  zone  localized  on  a  surface  z  =  .({z,y,t).  The  assiunption  that  the 
product  of  the  reaction  is  solid  implies  that  the  velocity  of  the  medium  is  zero  behind 
the  reaction  zone. 

Thus,  in  front  of  the  interface  we  have  the  set  of  equations: 


dt 


+  uVT  =  kAT,  a  =  0 


+  (uV)u  =  — Vp  +  vAu  +  -  To) 

at  p 


Behind  the  interface,  we  have 

dt 


div  u  =  0. 


=  kAT,  a  =  1,  u  =  0. 


The  jump  conditions  at  the  interface  have  the  form: 

qd^  ■-  « 


[T]  =  0,  [T'j  =  (r'2]  =  -2|  j  "  K{T)dT,  u  =  0 


(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 


Here  (•]  denotes  the  jump  of  a  function  across  the  reaction  zone,  T'  =  dTfdC. 

The  problem  (2. 1-2.5)  has  a  travelling- wave  solution  for  which  u  =  0  and  which 
coincides  with  that  for  a  front  propagating  in  a  quiescent  medium.  To  study  the 
stability  of  this  solution,  we  linearize  the  problem  about  it.  The  linearization  of  the 
jump  conditions  (2.5)  gives  the  dispersion  relation 


(T  — 


Z  -j-  -|-  ui 


where  w  is  an  eigenvalue  of  the  linearized  problem,  d  -  \/l  +  +  4a;,  k  is  the  wavenum¬ 

ber,  Z  =  qEl2RT^  is  the  Zel’dovich  number,  Tj,  the  temperature  in  the  reaction  zone 
for  the  steady-state  propagating  front, 

_  J_^) 

^  «o  ^(oy 

uq  is  the  dimensionless  velocity  of  the  front  propagation,  6  is  the  amplitude  of  the 
dimensionless  perturbation  of  the  liquid  temperature.  The  fimction  a  should  be  found 
from  the  equations  for  the  amplitudes  of  the  perturbations: 

Pv""  +  uov'"  -  {2Pk^  -f-  uy  -  uoky  -i-  k^iPk"^  +  w)v  =  Qk^e 
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e"  +  uo6'  -{k‘^  +  w)e  =  ve'. 

Here  P  is  the  Prandtlnumber,  Q  =  PR,  R  is  the  Rayleigh  number,  Os  the  dimensionless 
temperature  profile  for  the  steady-state  propagating  front. 

From,  the  equations  for  perturbations  eind  the  bouridciry  conditions 


v(0)  =  v'(0)  =  0, 


we  find  the  function  <t{R,  P,  u,  k,w).  In  the  case  of  small  R,  it  has  the  form 
1  +  d  AP^R 

2  (i  +  d)(i  +  ci4.jb)2(i  +  d+P(l  +  d))(l-d-P(l  +  d))  ’ 

^ ^ _  (2.6) 

where  d  =  \/l  -b  +  4a>,  d  =  \/l  -f  k^P^  -b  4wP.  To  find  the  cellular  stability  bound¬ 
ary,  we  put  a»  =  0.  In  this  case,  the  dispersion  relation  has  the  form  cr  =  -1.  For 
P  =  0  it  has  a  solution  only  for  k  =  0.  This  solution  pertains  not  to  the  stability 
boundary  but  to  the  invariance  of  solutions  with  respect  to  translation.  It  is  easily 
seen  from  Eq.  (2.6)  that,  for  negative  R,  a  decreases  and  the  dispersion  relation  cannot 
have  solutions  for  positive  k.  This  means  that,  for  the  front  propagating  downward, 
the  cellular  instability  cannot  occur.  For  positive  R,  cr  increases,  the  dispersion  relation 
can  have  solutions  for  nonzero  wavenumbers,  and,  consequently,  the  cellular  instability 
can  arise. 

From  Eq.  (2.6),  we  find  the  critical  value  of  the  Rayleigh  number: 

Rc  =  :^{l  +  d){l-\-d-\-kf[l  +  d+P{l  +  d)][-l-l-d-^P{l  +  d)]  (2.7) 

Thus,  the  critical  value  of  the  Rayleigh  nmnber  is  an  increasing  function  of  the  wavenum¬ 
ber.  It  tends  to  a  finite  limit  (as  k  0),  which  can  be  easy  calculated  from  Eq.  (2.7). 

In  the  case  of  an  arbitrary  value  of  the  Rayleigh  number,  the  expression  for  cr  is 
more  complicated,  and  the  dispersion  relation  should  be  analyzed  numerically  (3).  The 
analysis  shows  that,  similar  to  the  case  of  small  R,  for  the  front  propagating  upward,  a 
cellular  instability  can  occur  but  for  the  descending  front  it  cannot.  This  is  somewhat 
similar  to  the  Rayleigh-Benard  convection  in  a  liquid  layer  heated  from  below  or  from 
above.  We  note  that  for  the  Rayleigh-Benard  problem  the  critical  value  of  the  Rayleigh 
number  tends  to  infinity  as  k  goes  to  zero.  This  difference  from  the  problem  considered 
here  is  probably  due  to  the  unboundedness  of  the  liquid  layer  in  the  problem  of  front 
propagation.  The  criterion  for  the  cellular  instability  does  not  depend  on  the  Zel’dovich 
number,  and  the  perturbation  of  the  temperature  behind  the  reaction  zone  in  this  case 
is  zero. 

The  oscillatory  instability  can  occur  for  ascending  as  well  as  descending  fronts.  The 
criteria  for  the  stability  with  respect  to  multidimensional  perturbation  are  different  in 
these  two  cases.  The  hydrodynamics  makes  the  front  propagating  upward  more  sta¬ 
ble  and  the  front  propagating  downward  less  stable.  This  explains  why  the  spinning 
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inodes  were  observed  experimentally  for  the  values  of  the  parameters  such  that  the 
front  should  be  stable  in  the  case  of  solid  phase  combustion.  We  note  that  in  all  exper¬ 
iments  where  the  spinning  modes  were  observed  the  descending  fronts  were  considered. 
Moreover,  the  experimental  results  show  that  elimination  of  convection  also  eliminates 
the  instability  [6]. 

3  Reaction  Fronts  with  a  Liquid  Product 

We  make  here  some  remarks  concerning  the  case  of  a  liquid  product.  The  veloc¬ 
ity  of  the  medium  behin4  the  reaction  zone  may  be  nonzero  in  this  case.  Applying 
the  matching  of  asymptotic  expansions,  we  obtain  that  the  first  term  of  the  external 
expansion  of  the  velocity  is  continuous  at  the  interface,  together  with  its  derivatives: 

k]  =  [<]  =  K'l  =  =  0  •  (3.1) 

In  this  case,  the  dispersion  relation  is  similar  to  the  previous  one  but  alsc  includes  the 
normalized  velocity  (T^: 

Z  +  +  itiZ  +  eix  _  1  1X2(0) 

Z  +  ^ -i-U)  +  (Tz  '  *  Wo  ^(0) 

A  s  above,  from  the  equations  for  the  perturbations  and  the  boundary  conditions,  which 
in  this  case  have  the  form  of  Eq.  (3.1),  we  can  find  the  function  cr  and  the  stability 
boimdaries. 
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ON  THE  FRACTAL  FLAME  BALL  STRUCTURE 

Yu.  A.  Gostintsev,  A.  G.  Istratov 

Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 


The  fractal  scaling  of  a  ils^e  ball  is  obtcdned  from  experimental  data  on  spher¬ 
ical  flame  propagation  in  sufficiently  large  volumes  of  combustible  ihixtiure  using  an 
appropriate  theoretic^  treatment  (I).  The  accuracy  of  the  resulting  fractal  dimension 
depends  ori  the  interpolation  procedure  applied  to  the  burning  velocity  data.  This 
approach  is  usually  based  on  the  assumption  that  the  flame  ball  fractalization  and 
combustion  acceleration  are  caused  by  a  spontaneous  instability  only. 

The  presented  detailed  analysis  of  experimental  data  involves  examination  of  the 
flow  pattern  arising  due  to  the  buoyancy-driven  upwwd  motion  of  the  flame  ball  and  its 
influence  on  the  tangential  drill  of  surface  perturbations.  The  rather  low  velocities  of 
the  ball  motion  are  essential  for  the  drift  and  the  consequent  flame  deceleration.  These 
phenomena  are  most  evident  at  the  final  stage  of  the  combustion  process. 

The  theoretical  analysis  can  rely  on  competing  treatments.  One  of  these  is  the 
cascade  model  of  flame  surface  pertmbations  growth  [1],  and  the  other  refers  to  the 
turbulence  inside  the  flame  sphere.  It  is  difficult  to  discriminate  between  the  two 
alternative  approaches  within  the  scope  of  the  burning  velocity  data  processing. 

Another  problem  of  interest  is  the  spectrum  of  flame  surface  perturbations. 


References 

[1]  Gostintsev  Yu.  A.,  Istratov  A.  G.,  Shulenin  Y.  V.  FJzika  Goreniya  Vzriva,  1988,  5 
(in  Russian). 


294 


ZEL’DOyiGH-MEMORIALi  12^17- September  1994 


DYNAMICS  OF  FIRE  STORMS  OF  FULL-SCALE 
ATMOSPHERIC  FIRES 

Yu.  A.  Gostintsev*,  A.  M.  Ryzliov^ 

*  Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 
*  All-Russia  Research  Institute  of  Fire  Protection,  Balashikha,  Russia 


In  this  work,  a  fire  storm  originating  in  mass  fires  under  the  effect  of  a  prior  extra¬ 
neous  vertical  vortex  has  been  numerically  realized.  The  data  on  the  real  large  fire  in 
Hamburg  during  World  War  II  were  used  to  investigate  the  dynamics  of  fire  storms. 

Mathematical  models  were  developed,  based  on  full  Navier-Stokes  equations  for 
viscous  compressible  flows,  including  the  angular  momentum  conservation  equation. 
Turbulent  nature  of  transport  processes  was  taken  into  account  using  an  algebraic 
tmbulence  model.  Allowance  for  combustion  was  made,  based  on  a  diffusive  vortex 
model.  The  details  of  the  mathematical  model,  the  numerical  method  and  algorithm 
have  been  presented  in  [1,  2]. 

Fire  storm  modeling  was  performed  in  the  computational  area  (12.0  x  15.0  km) 
having  an  equivalent  fire  radius,  rj.  The  maximum  burning  rate  of  a  combustible 
wood  load,  mj,  was  in  agreement  with  the  condition  for  maximum  heat  release,  Qx, 
attained  linearly  in  the  first  half-hour  since  fire  initiation.  According  to  such  a  scenario, 
mx  =  Qi/Q/u,  where  the  heat  of  burned  wood  Q/u  =  18.6  J/kg. 

Backgroimd  distribution  of  the  extraneous  vertical  vortex  with  atmosphere  height 
was  preset  at  a  distance,  rj  from  the  fire  center,  corresponding  to  weak  circulation  T 
at  the  earth  surface  in  a  prior  background  vortex. 

The  atmospheric  temperature  distribution  was  set  to  be  standard  up  to  the  tropopause 
height  11.0  km,  above  which  the  temperature  was  considered  to  be  constant. 

Modeling  of  the  fire  in  Hamburg  was  performed  at  the  following  values  of  parame¬ 
ters:  ri  —  2.0  km,  rj  =  8.0  km,  Q\  =  1.7  ■  10^^  W,  F  =  To  =  3.2  •  10“*  m^/s. 

As  a  result  of  munerical  experiments  the  agreement  between  the  computed  and  real 
fire  characteristics  was  achieved  for  the  situation  modeled.  It  was  fo\md  that  in  the 
fire  storm  within  1.5-2  hours  an  eddy  flow  with  the  maximum  tangential  velocityu  = 
45  m/s  developed,  in  contrast  to  conventional  convective  columns  having  the  maximum 
horizontal  radial  velocity  14  m/s.  The  maximum  rise  of  combustion  products  amounted 
to  11.8  km. 

Using  a  fire  with  a  similar  area  as  an  example,  the  influence  of  fire  severity  on  the 
intensity  of  rotation  was  studied  at  the  external  circulation Fq  ,  specified  above.  It  has 
been  shown  that  a  fire  storm  with  high  vertical  velocities  wi  and  sm  intense  rotation 
at  the  maximum  velocity  vj  =  15  m/s  can  occur  atQ  >  0.4Qi . 

The  rotation  of  the  fire  core  at  the  velocity  of  10  m/s  occurred  at  Q  =  0.2Qi. 
Due  to  the  considerable  decrease  in  vertical  velocities  stemming  from  the  decrease  in 
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fire  severity,  an  increase  in  the  vortex  extents  of  the  fire  storm  core  $  =  G/{2  -  (?) 
was  observed,  where  the  quantity  G,  unlike  than  in  [3],  was  defined  as  the  ratio  of 
maximum  velocities  in  the  flow,  G  =  Vi/wi.  In  this  case,  the  elevation  of  combustion 
products, dropped  to  4.5.  Isolines  of  combustion  products  mass  concentration  at  the 
moments  of  maximum  rotation  {C  •  lO^kg/kg)  for  the  fires  with  Q  =:  Qi,  0.5^1  and 
0.2bQi  are  presented  in  Fig.  la-c  (isolines  1-5  correspond  to  the  values  from  0.03  to 
0.23  with  step  0.05). 

The  impact  of  extreineous  circulation  on  maximum  tangential  velocities  and  the 
flow  vortex  extent  for  a  fire  seat  of  intensity  Q  =  Qi  were  investigated.  The  rotational 
motion  at  the  tangential  velocity,  vj  =  10  m/scan  occur  at  the  extraneous  circulation 
r  =  0.20ro.  The  extent  of  the  vortex  core  of  such  a  flow  is  5  =  0.085. 

As  compared  to  earlier  works  (4],  the  results  obtained  lead  to  a  conclusion  regarding 
the  possibility  of  fire  storms  occurring  in  large-scale  fires  based  on  a  wider  range  of 
governing  parameters,  such  as  the  overall  intensity  of  heat  release  and  the  extraneous 
background  circulation  in  the  fire  region. 
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.  EXACT  SOLUTION  FOR  ZEL’DaVICH  EQUATION  AND  FOR 
SYSTEMS  OF  THE  TYFE  “FlEACTION-DIFFUSION” 

O.  V.  Kaptsov,  V.  I.  Bykov 

Computing  Center,  Krasnoyarsk,  660036  Russia 

Examples  of  exact  solutions  to  the  Zel’dovicK  equation  are  well  known  [1-4].  How¬ 
ever,  the  mathematical  technique  developed  in  [4,  5]  also  provides  exact  solutions  to 
the  sets  of  equations  of  “reaction  +  diffusion”  type. 

The  equations 

ut  =  Uj,a-i-F(u,v), 

vt  =  du**  +  G'(«,v),  d>0, 
which  admit  the  differential  substitution  of  the  first  order, 


(1) 


U  = 


(2) 


are  considered. 

Definitions.  Equations  (1)  admit  the  differential  substitution  (2),  if  the  first  equa¬ 
tion  is  satisfied  identically  on  substituting  (2)  (such  that  satisfies  the  second  equation). 

Lemma  1.  Equations  (1)  admit  the  first-order  differential  substitution  (2)  if  and  only 

if 


Ut 


^XX  +  5'2«  +  9i«  +  9o 


fly  2  2avb 
Vt  =  V**  -b  -rU^  -  — 3-U  +  c, 
or  a® 

where  a,  b,  c  are  arbitrary  functions  ofv;  g;  (i  =  1,  2,  3)  are  given  by 

ci„by  bfj 


(3) 


92 


L'UW 

,2  ' 


gi  =  -^  (-avvub^  -  2ay6^  -b  Uya^c  -  ia„abyb  -b  a*Cv  +  2a^bb„J^  , 

go  =  -^  -  2aj6^  -  UvU^bc  -b  2a„bt,ab^  -  aHcv  -b  aH^c  -  a^kv„b^^ 

and  differential  substitution  (2)  is  linear  in  Va,: 

u  =  avx  +  b. 

Lemma  2.  The  set 

Ut  =  «**  -b  92{«  -  bf 

,  a„(u-by 

Ut  =  Vxx  +  - ^ - 


(4) 


(5) 

(6) 
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with  arbitrary  function  a,  b  and  q2  =  a„byja^  -  b„„la^  admits  a  reduction  to  the 
equation  of  heat  conduction 

'  '  •  J  ’  wt  =  Wxi-\-h{w).  (7) 

Using  Eq.  (5),  we  obtain  from  Eq.  (6)  an  equation  containing  only  v: 


flu  2  flu^^ 

Vt  =  W**  +  —Vj.  +  c - ^ 

fl  fl^ 


(8) 


ff  c  ,=  Eq.  (8)  can  be  rewritten  in  the  form  of  Eq.  (7)  using  the  simple 

substitution  v  =  /i(u;). 

The  Zel’dovich  "equation  [2] 


n)t  =  Vxx  +  2u>’(]  -  w) 

has  the  exact  solution  [4] 

kexp(t  -  x)  -  1 

yj  ^  ^  ' 

2t  V  X  +  m  +  fc exp(t  -  x) 

For  a5,iy  fixed  t>0,  -♦Oasx-+oo,  and  u>,  -♦  1  as  x  -oo.  For  sufficiently  large 
values  of  t,  the  function  to.  is  similar  to  the  travelling  wave  with  the  rate  w  =  1. 

In  conclusion,  let  us  demonstrate  an  example  of  a  system  which  is  reduced  to  Eq,  (9): 

ut  =  tia,  +  uvPu(lnv) 

Vt  =  Va*  -  vu*  +  vP(lnv) 

where  P{w)  =  2to^(l  -  to).  The  functions  v.  =  exp(to,)  and  w.  =  to.a  are  obviously 
the  solutions  to  Eq.  (11), 


(9) 

(10) 
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ASYNCHRONOUS  EXCITATION  OF  UNSTEADY  COMBUSTION 

Yaroslav  A.  Lissotclikin 

State  Institute  of  Applied  Chemistry,  St.Petershurg,  Russia 


In  the  sixties,  ve  discovered  that  the  combustion  process  in  rocket  engines  may 
become  imstable  v/hen  a  small  periodical  disturbance  of.  pressure  in  the  chamber  is 
excited  v/ith  a  frequency  different  from  the  resonance.  In  the  theory  of  non-linear 
oscillations  this  phenomenon  is  termed  asynchronous  excitation  The  existing  literature 
does  not  consider  this  type  of  combustion  instability.  Analytic  approach  to  the  problem 
of  the  asynchronous  excitation  should  start  with  some  hypothetical  simple  model  of  the 
combustion  chamber  process, 

d^P  ^2  QQ  Qp 

dt^  "  dx^  ~  CpT  dt  ^^dt 

where  P  is  the  pressure  perturbation,  t  is  time,  *  is  the  axial  distance  from  injector  end, 
a  is  the  speed  of  sound,  T  is  temperature,  Cp  is  the  specific  heat  at  constant  pressure, 
Q  is  the  heat  release  rate  per  unit  volume,  a  is  the  bulk  viscosity  coefficient. 

Suppose 

Q  =  J{P)i{z)  (2) 


and  assume  that  Q  depends  on  P  so  that 


I 

I 

i 

i: 


I 


J{P)  =  ifiP  +  K2P^  +  KsP^  +  K^P*  +  KsP^ 

The  boundary  conditions  are: 

dP 

a:  =  0  :  ~  x  =  I :  P  =  Po'LOSut,  (3) 

where  Pq,  v  are  the  amplitude  and  frequency  of  the  external  perturbation. 

The  solution  of  Eq.(l)  is  given  by  [1] 


P{x,t)  =  ^{x)T(t)  +  T]{x)  cos  ut 


where  $(a!),  ii{x)  are  given  by  the  equation 


d^P  .d^P  „ 
®  5*2  ”  ° 


and  boundary  conditions  (3). 


(4) 

(5) 
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"" . ’ '  '’^1 

: 

Hence, 

.  wz 

w(*)  =  cos  — ; 

’W  . 

j 

1  s 

xa 

^  =  . 

(6)  , 

i 

' 

Pocosf 

vM  =  ^1“  . 

cos^ 

f 

i 

i 

1 

1 

? 

j 

1 

i  \ 

( 

This  solution  is  obtained  on  the  assumption  that  only  the  fundamental  acoustic  mode  ' 

takes  place.  Substituting  Eq.  (4)  into  Eq;  (1),  multiplying  by  9(x)dx,  and  integrating 
from  0  to  /,  we  obtain. the  non-linear  equation 

{ 

T"(t)-fa»V(t)  =  F(t,t\9), 

(7) 

i 

where  6  =  ut]  u>  =  {va)l{2l),  and 

r./  /  f  r/  J  f  r/  j 

*^0  0 

(8) 

Equation  (7)  can  be  solved  by  the  asymptotic  method  of  [2]. 

If  w  7^  (P/q)u,  where  P,  q  are  integers,  then  the  result  of  the  first  interation 
t  written  as 

r  =  6cos9?, 

1 

can  by 

(9) 

:  §  =  ^1(^)5  ^  =  <^  +  Hj(6), 

(10)  i 

« 

where 

t  2ir2ir 

^^2^yji^o(a,V’.^)s>nvJc/y>c/0, 
i  0  0 

j  2»’  2w 

j  Bx{b)  =  -  J  j  Fo{a,  <p,  9)  cos  <p  d<pd9, 

0  0 

(11) 

Fo(a,<p,d)  =  F(t,t\0)  with  T  =  bcos(p;  r' = -ub$m(p. 

The  integration  in  Eq.  (11)  yields 

=  (-^1  +  ^4  +  A7  —  X2)b  +  (A3  +  Ae)6^  +  A56®,  (12) 


where 


ZEL’DOVIGH-  MEMORIAL, ,  12f  IT  September  1994 


>*rKrvrt^»/  t/i/j'/rTfzr 
a 


0.5  1)  1.0 


a 


Figure  1:  (a)  Schematic  of  experimental  apparatus.  1  —  small-scale  combustor,  2  — 
device  for  periodic  variation  of  sonic  throat  area,  3  —  electric  motor,  (b)  The  effect  of 
propellant  equivalence  ratio  on  the  range  of  asynchronous  excitation;  fe  is  the  frequency 
of  periodical  area  variation  of  the  sonic  threat,  ft.  is  the  fundamental  acoustic  mode  of 
combustion  chamber. 


As  = 


2TrCpT 


5u>^K5 

4xCpT 


A4  = 


Afl  = 


jrCpT 


5u>^K5 

irCpT 


0 

'  15w  ifs  j 


j  ^^{x)<j>[x)ri^{x)dx, 

0 

i 

j  ^'*{x)(f>{x)r]^{x)  dx,  (13) 


MpT 


5,(6)  =  0. 

The  assumption  of  stationwy  amplitude  of  self-sustained  oscillations  is 


4,(6.)  =  0. 


(14) 


The  stability  criterion  for  the  amplitude  of  the  self-sustained  oscillations  has  the  form 


^4,(6) 

db 


=  0. 


(15) 


301 


ZEL’DQVICH- MEMORIAL,  September  1994 


Prom  Eqs.  (12)-(15)  one  can  obtain  that  the  criterion  for  the  self-amplification  of  the 
resonantiosciUations  in  the  chamber  is 

7«  ~  -^1  “  ^^2  +  -^4  +  •^7  >  0.  (16) 

If  jPo:=  6,  then'76,=  A'n-A2-<  0  is  the  criterion  of  stable  combustion  when  the  externally 
applied  distmbahce  is  absent.  Thus,  the  criteria  for  the  asynchronous  excitation  of 
unsteady  combustion  are 

7.  >0)  7o  <  0.  (17) 

The  investigation  of  asynchronous  excitation  of  unsteady  combustion  was  tested  by 
using  a  small-scale  double-based  liquid  propellant  rocket.  The  hypergolic  propellants 
UDMH  4-  N2O4  were  used  as  the  fuel. 

The  oscillation  excitation  in  the  rocket  was  performed  using  a  special  device  for 
periodic  variation  of  the  sonic  throat  cross-section  area  (see  Fig.  la).  Tests  on  a  small- 
scale  combustor  showed  that  the  range  of  frequencies  of  the  externally  applied  distur¬ 
bances  exciting  the  self-sustained  oscillations  depend  on  propellant  mixture  composition 
(Fig.  lb),  combustor  pressure,  and  propellant  line. 
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THEORETICAL  ANALYSIS  OF  NONLINEAR  EFFECTS  IN 
HYDRODYNAMIC  INSTABILITY  OF  PREMIXED  FLAMES 

S.  S.  Minaev 

Institute  of  Chemical  Kinetics  &  Combustion,  Novosibirsk,  Russia 

Within  the  framework  of  the  Darrieus-Landau  hydrodynamic  approximation,  the 
flame  is  treated  as  a  surface  of  density  discontinuity.  A  nonlinear  flame  stability  analysis 
carried  out  by  Sivashinsky  [1]  has  shown  that  in  a  suitable  asymptotic  regime  the  dy¬ 
namics  of  a  slightly  perturbed  flame  front  is  governed  by  a  nonlinear  integro- differential 
equation.  In  the  ID  case,  the  equation  for  a  slightly  perturbed  plane  front  is 

df  £  ,  r,  d^f  1  /  df 


2 


1 
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.Here, -/(a!',  t)  =  z  is  a  small.perturbation  of  the  plane  front,  £  <  1  is  a  small  parameter  in 
the  case  of  weak  thermal  expansion.  It  also  reflects  the  physicochemical  characteristics 
of  the  combustible  mixture.  In  Eq.  (1),  {Kf}  is  a  linear  operator  defined  in  terms  of 
spatial  Fourier  transform: 


OO 

{Kf{x,t)}  =  ■^  j  \k\cos{kx)f{k,t)dk, 


‘ffi. 

■'if 


where  the  cap  denotes  the  cosine  Fourier  transform  of  /. 

For  an  outward  propagating  hydrodynamically  unstable  flame  front,  the  evolution 
equation  takes  the  form: 


^0  .  df 
dt 


4.  ^  _  j-iKn  -  -i-  (^y  -  - 

dt  2Eo^  2Rl\d<pJ  R\ 


Rl  W. 


-1  =  0, 


(2) 


Used  in  Eq.  (2)  are  the  polar  coordinates  p,  tp  ,  where  p  =  iZo  +  f{<p,t)  the  perturbed 
flame  front,  Rq  is  the  effective  radius  of  the  wrinkled  flame.  Operator  {Kf}  is  defined 
as 

OO 


OO 

{Kf}  =  \  j  7>*)]f{.7>\'t)d<p'' 

”  n=l  i 


Equations  (1),  (2)  can  be  solved  by  a  method  similar  to  pole  decomposition. 

Let  #(®,2)  be  the  hydrodynamic  potential  due  to  several  sources  and  sinks  located 
in  the  burnt  gas.  For  example  a  single  source  located  at  ®  =  0,  z  =  -a  generates  the 
potential  $  of  the  form: 

§  =  21n(a;H(2  +  a)^).  (3) 

It  turns  out  that  i{x,z)  due  to  a  source  located  on  the  unperturbed  flame  surface  is  an 
exact  solution  to  Eqs.  (1),  (2).  For  the  plane  flame  (z  =  0)  the^olution  corresponding 
to  a  single  sink  is 


§ 


2=0 


=  f{x,t)  =  21n(a!^  +  a^(t)], 


and 


da  e 
O'-TT  =  X  ~  fl¬ 
at  2 


At  t  ->  OO,  the  equation  for  a  yields  a  stable  eqmlibrium  configuration  with  a  =  $12. 
Solutions  corresponding  to  several  sinks  on  the  normal  to  the  plane  flame  front  also 
exist.  In  (2,  3],  a  nonlinear  dynamic  model  describing  the  flame  surface  for  this  case 
was  developed  using  the  method  of  pole  decomposition.  In  the  periodic  case,  Eq.  (1) 
admits  the  following  solutions  (4): 

f{x,t)  =  43?  {ln(ao  +  -f  . . .  -f  , 
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where.  3?\denb.tes.the,real  part  operator,  anS  the  real  coefficients  oo,  ai,  satisfy 

the  set  of  ordinary  differential  equations: 

d 

—  ^  (OiOIn+t)  -  Wn+l,iaian+l  =  0, 

/=0 


and 

Wn+M  =  ■^{2l  +  n)K-n^K^. 

For  ai  ~  exp  we  obtain  particular  solutions  modelling  the  steady-state  con¬ 

figuration  of  a  fiame  propagating  at  a  constant  velocity 

It  should  be  emphasized  that  all  these  solutions  can  be  obtained  from  Eq.  (3)  by  a 
simple  superposition.  In  the  case  of  outward  propagating  cylindrical  flame,  by  placing 
source  at  and  sinks  around  the  center  of  symmetry,  we  can  reduce  the  solution  to  the 
following: 

f{<p,t)  =  21n  ^1  -f  2acos(iVv5)j . 

Effective  radius  Ro  and  amplitude  of  flame  wrinkles,  in  this  case,  are  related  by 

(da  (tN  (l-\-2a^\N^\ 

dt  ""  \2i2o  [l-a^  )  Rl)'' 

dRo  4N^a} 

.  dt  (1  -  a2)ij2 

The  amplitude  of  the  nonlinear  harmonic  increases  after  effective  radius  has  reached 
the  critical  value  R„  =  2N/e.  Att-*oo,  both  the  amplitude  of  the  wrinkles,  defined 
as  ln(l  +  a/(l  -  o)),  and  the  flame  radius  Rq  tend  to  infinity. 

Based  on  these  examples,  nonlinear  stabilization  of  hydrodynamic  instability  can  be 
expected  to  occur.  The  resewch  described  in  this  publication  was  made  possible  in  part 
by  Grant  No.93-03-18505  from  the  Russian  Foundation  for  Fundamental  Research. 
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ZERO-JRANGE  POTENTIALS  AND  THE  FLAME  FRONT 

EQUATION 

I.  Yu.  Popov 

Institute  of  Fine  Mechanics  and  Optics,  St:-Petersburg,  Russia 

As  early  as  in  the  mid-1940s,  Zel’clovich  [1]  has  proposed  a  qualitative  explanation 
for  the  fa:t  that  cellular  flames  tend  to  form  in  mixtures  deficient  in  the  light  reactant. 
In  the  framework  of  this  model,  a  linear  analysis  of  the  stability  of  a  plane  flame  front 
with  respect  to  long-wave  disturbances  yields  the  following  dispersion  relation  [2] 

cr=Dth[2-^l3{l-Le)-l]k\ 

where  /3  =  E{Tb  -  Tu)lRT^,  Le  =  DthlDmoi  is  the  Lewis  number  of  the  limiting 
reactant,  which  is  assumed  to  be  highly  deficient,  a  is  the  rate-of-instability  parameter, 
k  is  the  wave  vector  of  the  disturbance  of  the  flame  front,  F  ~  exp(crt  +  ik  ■  r),  E  is  & 
constant,  specific  to  the  reaction  and  called  its  activation  energy,  A  is  the  universal  gas 
constant,  is  the  temperature  of  the  unburned  cold  mixture,  at  which  the  reaction 
rate  is  negligibly  small,  Tj,  is  the  temperature  of  the  burned  gas,  usually  5  to  10  times 
Tu^  Dmot  is  the  molecular  diffusivity,  and  Dj/,  is  the  thermal  diflfusivity  of  the  mixture. 
The  flame  is  stable  only  if  the  mobility  of  the  limiting  reactant  is  sufficiently  low 
{Le  >  Lee  =  1  -  2/^3).  At  Le  <  Le^  the  flame  is  unstable.  In  a  typical  flame,  (3  ~  15, 
hence  Lee  =  0.87. 

However,  as  was  pointed  out  later  (3),  a  flame,  although  potentially  unstable  with 
respect  to  long-wave  disturbances,  is  nevertheless  always  stable  with  respect  to  short¬ 
wave  disturbances.  At  Le  ~  Lee,  the  dispersion  relation  incorporating  the  damping 
effect  of  short-wave  disturbances  is 


>  (7  =  Dth[2-^P{1  -  Le)  -  l)fc=*  -  4DthLlk\ 

■  where  Lth  is  the  thermal  thickness  of  the  flame  defined  as  DthlUu,  where  is  the 

5  propagation  speed  of  the  flame  relative  to  the  imburned  gas.  Hence,  we  obtain  the 

I  following  equation  (in  a  nondimensional  parameter-free  form)  for  the  function  z  = 

I  F{x,  y,  t)  describing  a  curved  flame  front  [4]: 

I  o-F  +  AF  +  4A2F  =  0.  (1) 

I  Remark.  This  equation  can  be  obtained  from  the  Kmramoto-Sivashinsky  equation 

[4.  5] 

I  (rF-l-2-‘(VF)^-t-AF-i-4A=®F  =  0, 

f  if  the  nonlinear  term  is  omitted. 
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ON  THE  FLOW  ASSOCIATED  WITH  CO  DETONATION 
COMBUSTION  IN  AN  EXPERIMENTAL  FACILITY  WITH  A 

SHOCK  TUBE 

V.  A.  Bityurin*,  V.  A.  Ivanov*,  A.  Veefkind*,  V.  S.  Bajovic* 

'Insiituie  of  High  Temperature,  Russian  Academy  of  Sciences,  Izhorskaya  sir.  lS/19, 

Moscow,  12741s  Russia 

*  Eindhoven  University  of  Technology,  PO  Box  513,  5600  MB  Eindhoven,  The  Netherlands 

A  combustible  mixture  of  carbon  oxide  and  oxygen  is  used  as  a  working  body  in  the 
Eindhoven  Shock  Tunnel  Facility  (EUT  STF).  EUT  STF  consists  of  a  shock  tube,  a 
supersonic  nozzle  with  a  channel  and  a  dump  tank.  The  driver  section  and  diaphragm 
section  of  the  shock  tube  are  filled  with  helium  at  pressure  11  and  5.5  bar,  respectively. 
The  test  section  of  the  shock  tube  and  the  remaining  part  of  the  EUT  STF  were  filled 
with  CO  and  O2  at  partial  pressures  74  and  37  mbar,  respectively.  Ignition  of  the 
combustible  mixture  was  performed  by  shock-wave  compression  after  the  rupture  of 
diaphragms  [ij. 

Pressure  transducers  were  located  at  several  positions  in  the  test  section  of  the  shock 
tube  and  in  the  channel  to  record  pressure  during  the  run.  Moreover,  a  line  profile 
measurement  was  carried  out  at  the  resonance  line  of  Cs  at  a  wavelength  of  852.11 
nm  in  the  middle  of  the  channel.  The  temperature  was  determined  experimentally  by 
fitting  the  self-reversed  spectral  line  profile. 

T  experimental  studies  were  accompanied  by  a  numerical  simulation  of  the  gas 
flow  and  CO  combustion  in  the  experimental  facility.  The  nonsteady  flow  of  premixed 
atomic  and  molecular  gases  was  described  within  the  framework  of  a  one-dimensional 
approach  by  the  Euler  equations  including  chemical  reaction  sources.  The  considered 
gas  components  were  CO,  CO2,  He,  H2O,  0  and  O2.  The  dependence  of  the  tempera¬ 
ture  of  the  molecular  components  of  the  mixture  on  the  thermodynamic  properties  was 
taken  into  accoimt. 
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A  SIMPLE  MODEL  FOR  THE  FRONT  SELF-OSCILLATIONS 

E.  Rumanov 

Institute  of  Structural  Macrokinetics,  Chernogolovha,  Russia 

According  to  Zel’dovich  analysis  [1],  the  combustion  front  instability  is  “physically 
one- dimensional”  in  the  case  of  low  diffusivity  (as  compared  to  heat  diffusivity).  The 
origin  of  instabili'y  is  the  heat  accumulated  by  the  preheat  zone.  Since  the  minimal 
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respectively.  The  term  spin  implies  that  one  or  more  hot  spots  move  in  a  helical  fashion 
on  the  surface  of  the  specimen.  Fig.  1  is  consistent  with  the  analogous  graph  of  [4]  and 
thereby  with  the  data  of  [5].  Indeed,  during  the  experiments,  a  number  of  specimens 
made  of  mixtures  providing  various  values  of  Ti,  has  been  used.  A  decrease  in  results 
in  a  decrease  in  a  and  an  increase  in  v.  This  is  equivalent  to  a  downward  displacement 
along  the  lines  shown  in  the  Fig.  1  (the  lower  one  corresponds  to  the  larger  diameter). 
The  details  of  plotting  the  lines  are  described  in  [4].  As  we  move  along  them,  we  pass 
multispot  regimes  before  reaching  the  one-head  spin-wave  regiiAe.  The  same  change 
of  regimes  was  observed  in  [5).  We  also  examined  the  case  of  essentially  nonzero  heat 
loss  by  introducing  the  respective  term  into  the  energy  equation.  We  have  found  that 
the  representing  points  occupy  qualitatively  the  same  relative  positions  as  in  the  above 
case.  The  difference  is  that  the  points  shift  to  the  right  and  upward,  and  the  plane 
oscillations  disappear. 

These  results,  combined  with  the  conclusion  of  [7]  concerning  the  chaotic  planar 
oscillations  at  a  <  1  and  zero  heat  loss,  allow  us  to  speculate  on  the  existence  of  an 
interesting  self-organization  phenomenon.  Let  us  consider  the  case  of  zero  heat  loss. 
The  planar  chaotic  oscillations  will  occur  at  zero  diameter  under  strong  instability 
conditions  (j/  — *  oo,  a  <  1).  In  the  opposite  limit  of  large  diameters  {u  ->  0),  multiple 
hot  spots  must  appear  on  the  front.  It  seems  natural  to  expect  that  their  interaction 
should  result  in  a  new  chaotic  regime.  Thus,  the  domain  of  periodic  one-head  spin 
regime  turns  out  to  be  covered  by  chaotic  regime  domains.  In  other  words,  the  domain 
of  periodic  regime  deeply  intrudes  into  the  region  of  instability.  We  intend  to  verify 
this  statement  in  otir  forthcoming  studies. 
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We  will  show  that  the  instability  at  frequencies  given  by  Eq.  (6)  results  in  a  soft  onset 
of  the  self-oscillations.  For  this  purpose,  consider  the  behavior  of  phase  trajectories  as 
determined  by  the  equation 

^  =  6~^[exp(2:6>)  -  (1  d)(l  -b  -  0a-^][l  -  exp(26»)]"^  (7) 

a? 

in  the  neighborhood  of  the  focus  (0,  0).  Assuming  g  to  be  small,  we  expand  the  right- 
hand  side  of  Eq.  (7)  in  powers  of  ^  and  0: 


/  =  -«+! 


iO- 


2 


+  .  .  . 


Using  the  polar  co-ordinates  ^{bzc)~^  =  r  cos  ip  and  0  =  rsinv?,  we  have,  instead  of 
Eq.  (7), 


dr 

dip 


/(r,  ^)r  cos  v?sini^. 


(8) 


If  the  small  value  of  /  is  neglected,  the  trajectories  will  be  circles.  Actually,  they  are 
spirals  diverging  from  the  unstable  focus,  but  the  spiral  pitch  is  small  as  compared  to 
its  radius.  After  integrating  Eq.  (8)  over  p  from  0  to  27r,  the  pitch  Ar  is  obtained  on 
the  left-hand  side.  On  the  right-hand  side  we  can  approximately  treat  r  as  a  constant. 
Let  the  stable  limit  cycle  be  at  the  origin.  The  cycle  radius  is  given  by  Ar  =  0.  The 
expansion  terms  of  /  odd  in  powers  of  either  ^  or  0  contribute  to  Ar  only.  In  particular, 
the  first  powers  0,  and  vanish  after  integration.  Retaining  the  terms  up  to  the 
second  order  only,  we  find  the  amplitudes  of  self-oscillations  of  I  and  T: 


Ai  =  roK\/n'c{pcUc)~^ ,  Ay  =  (Tb  -  ro)ro,  r"^  =  Wzc{zl  -  2bzc  + ib)  ^g. 


It  should  be  emphasized  that  the  condensed  products  have  a  stabilizing  influence 
[5].  Without  such  an  influence,  which  is  described  by  the  last  term  of  Eq.  (2),  the 
stationary  combustion  wave  would  be  unstable  at  any  real  z.  When  the  supercriticality 
g  is  not  small,  the  oscillations  are  seen  as  sequence  of  short  flashes  and  long^depressions. 
However,  this  model  (with  constant  a  and  b)  cannot  describe,  of  course,  the  remarkable 
period  doubling  (6]  that  served  as  the  basis  for  the  Barenblatt’s  prediction  of  the  chaotic 
behavior  of  the  front  at  increased  z. 
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DYNAMICS  OF  THE  REACTION  FRONT  ACCOMPANIED  BY  A 
SHARP  INCREASE  IN  VISCOSITY 

A.  S.  Segal 

Department  of  Computer  Technologies,  Institute  of  Fine  Mechanics  and  Optics,  14 
Sablinskaya  str.,  St. Petersburg,  197101  Russia 


A  sharp  increase  in  fluid  viscosity  due  to  certain  reactions  can  result  in  a  substantial 
bending  of  their  propagating  fronts  in  flows  and  lead  to  formation  of  jets  of  the  initial 
low-viscosity  substance  bounded  by  stagnation  zones  of  the  final  high- viscosity  product 
[1|.  In  mathematical  terms,  this  phenomenon  is  due  to  the  existence  of  a  small  parame¬ 
ter,  namely  the  ratio  of  viscosities  at  the  front,  which  introduces  a  singular  perturbation 
into  the  initial  problem.  The  stiffness  of  the  equations  of  the  problem  hampers  its  di¬ 
rect  numerical  solution  for  this  case  and  suggests  that  alternative  approaches  should  be 
sought.  One  of  them  is  developed  in  this  paper.  A  version  of  the  method  of  matched 
asymptotic  expansions  (MMAE)  is  proposed  here  for  a  “jmnp”  model  of  the  front.  A 
numerical  technique  for  front  movement  simulation  within  the  framework  of  this  model 
is  developed,  based  on  the  method  of  boundary-integral  equation  (MBIE)  [2].  The 
dynamics  of  arbitrary  finite  perturbations  of  a  steady  front  is  studied  numerically. 
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The  transfer  processes  associated  with  a  reaction  front  are  characterized  by  at  least 
two  spatial  scales,  the  thickness  of  front  preheat  zone  A  and  its  curvature  radius  R. 
The  front  is  distinct  when  A  <  E,  so  that  we  have  the  small  parameters  e  =  AfR  = 
KfUR  =  1/Pe  (k  is  the  thermal  diffusivity),  U  is  the  front  propagation  velocity,  and  Pe 
is  the  Peclet  number).  In  this  case,  the  front  can  be  treated  as  an  object  of  boundary- 
layer  type  and  analyzed  by  means  of  MMAE.  Since  this  “boundary  layer”  is  curved  and 
travelling,  the  internal  expansion  (on  the  scale  of  A)  is  carried  out  in  the  specific  moving 
curvilinear  frame  of  reference  tied  to  the  front.  The  main  result  of  this  asymptotic 
analysis  is  that  an  the  external  scale,  R,  the  front  may  be  considered  as  a  surface 
of  discontinuity  of  the  variables,  which  moves  in  the  direction  of  its  normal  n  at  the 
velocity  Wn  determined,  in  the  zeroth  and  first  orders,  by 


=  K.  +  U, 


+  kZ 


IdV,,  \ 
U  dn  p)' 


(1) 


Here,  V  is  the  local  fluid  velocity,  Z  is  the  Zel’dovich  number,  and  F  is  the  front  surface. 
It  is  interesting  that  the  first-order  correction  is  a  sum  of  that  introduced  by  Markstein 
and  that  due  to  stretch  effect  [3].  Moreover,  it  can  be  shown  that  fluid  dynamics  in  the 
regions  ahead  of  and  behind  the  front  is  described  by  the  Stokes  equations  (convective 
terms  are  neglected  in  both  regions)  with  conditions  of  continuity  of  velocity  and  stress 
vectors  at  E. 

The  problem  in  the  above  reduced  form  still  remains  rather  complicated  since  it 
contains  a  free  surface  F.  Its  further  simplification  relies  on  MBIE,  which  makes  it 
possible  to  reduce  the  Stokes  equations,  with  the  respective  boundary  conditions,  to 
one  integral  equation  for  the  velocity  vector  at  all  boundaries.  We  consider  here  the 
particular  planar  case  when  a  closed  front  envelopes  source  or  sink  points,  and  there 
are  no  other  boundaries.  In  the  case  of  a  source,  an  integral  equation  is  obtained  in 
the  following  form; 


7(0 


a  -  1 
a-fl 


/  r(tj)v(j) 

F 


2a  r[i) 
Q  -f  1  r2(0 


(2) 


Here,  i  is  the  “fixed”  point  at  the  front  surface,  j  is  the  “current”  one,  a  is  the  ratio 
of  fluid  viscosities  at  the  front,  F  is  the  fundamental  tensor  (see  [2]),  r  is  the  radius 
vector.  The  right-hand  side  describes  the  velocity  field  of  the  source,  while  the  integral 
term  is  responsible  for  the  distortion  of  this  field  by  the  viscosity  jump  (it  vanishes  at 
a  =  1). 

The  problem  (1),  (2)  was  studied  numerically.  Equation  (2)  was  solved  at  each 
time  step  by  a  direct  method  [2]  while  step-by-step  front  propagation  was  implemented 
using  an  explicit  finite-difference  scheme.  Some  results  of  the  computations  are  given 
in  Figs.  1  and  2. 

Figure  1  shows  the  distribution  of  flow  velocity  vector  along  the  elliptic  front  for 
the  case  of  a  source  located  at  its  center  for  a  =  1  and  a  =  0.01  (arrows  1  and  2 
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Figure  1:  Distributions  of  velocity  vector  along  the  elliptic  front  for  different  values  of 
the  ratio  of  fluid  viscosities  a. 


Figure  2:  Unsteady  behavior  of  the  initially  elliptic  front  for  the  cases  of  a  source  and 
a  sink  in  its  center. 
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respectively)  and  for  the  case  of  a  sink  for  the  same  values  of  a  (arrows  3  and  4, 
respectively).  In  the  case  of  a  source,  the  velocity  vector  turns  toward  the  normal 
direction  and  simultaneously  decreases  in  its  value  with  decreasing  parameter  a,  while 
its  behavior  in  the  case  of  a  sink  is  just  the  converse.  The  unsteady  behavior  of  an 
initially  similar  elliptic  front  for  a  =  0.01  is  presented  in  Fig.  2.  The  front  is  stable  in 
the  case  of  a  source  and  tends  to  a  steady  circular  shape  (Fig.  2a).  In  the  case  of  a 
sink,  the  front  is  unstable,  its  curvature  increasing  and  jets  of  initial  substance  growing 
toward  the  center  at  same  locations  (Fig.  2b).  The  variation  of  parameter  a  has  a  weak 
effect  on  this  process. 
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Thermal  instability  due  to  the  nonlinearity  of  heat  release  rate  as  a  function  of  tem¬ 
perature  is  characteristic  of  many  processes  in  chemistry  and  mechanics  [1-2].  However, 
it  can  be  observed  in  the  presence  of  a  strongly  nonlinear  heat  sink  as  well.  This  pos¬ 
sibility  with  regard  to  boiling  processes  was  discussed  in  [3],  where  a  nonlinear  form 
was  chosen  for  the  temperature  dependence  of  heat  release  coefficient,  which  should  be, 
strictly  speaking,  determined  while  solving  the  problem.  Similar  critical  phenomena 
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can  occur  during  heating  in  materials  characterized  by  a  falhng  or  nonmonotonic  de¬ 
pendence  of  thermal  conductivity  on  temperature.  Many  ceramic  materials  have  this 
character  of  heat  conductivity  variation. 

Theoretical  analysis  of  heat  instability  for  the  system  consisting  of  the  rod  heater 
surrounded  by  a  cylindric  ceramic  layer  was  performed  within  the  framework  of  the 
analytical  model  proposed  in  the  paper.  The  possibiUty  of  nonunique  steady  states  in 
the  thermal  instabiUty  domain  was  shown.  The  number  of  stable  and  imstable  regimes 
was  determined,  and  the  criteria  for  transitions  between  the  regimes  were  found. 

Based  on  the  numerical  analysis  of  the  problem  taking  into  account  the  temperature 
distributions  along  the  radius  of  the  heater  and  in  the  ceramics,  the  following  charac¬ 
teristics  of  the  thermal  instabiUty  have  been  defined:  the  time  of  thermal  stability,  the 
induction  period,  and  the  dynamics  of  temperature  variation  in  the  heater  and  ceram¬ 
ics.  The  possibiUty  of  analytical  solution  of  the  simpUfied  problem  with  temperature 
averaged  over  the  heater  was  studied. 

The  practical  realization  of  the  thermal  instabiUty  and  real  existence  of  critical 
parameters  are  illustrated.  Some  conclusions  concerning  practical  calculations  of  heat 
isolation  of  thermal  equipment  are  made,  based  on  the  results  obtained. 
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THE  EVOLUTION  OF  A  DISTRIBUTED  COMBUSTION  FRONT 
OF  STRONG  THERMAL  INSTABILITY 

D.  V.  Strunin,  T.  P.  Ivleva,  K.  G.  Shkadinsky 

Insiiiuie  of  Structural  Macrokinetics,  Chernogolovka,  Russia 

The  thermal  instabiUty  of  a  combust  sn  wave  has  been  revealed  by  means  of  linear 
stabiUty  analysis  [1]  based  on  the  approach  developed  by  Zel’dovich  with  co-authors 
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Figure  1:  Combustion  regimes  in  the  plane  of  control  parameters  (o,  u). 

[2],  A  similar  result  has  been  obtained  simultaneously  in  numerical  experiments  [3]. 
Strictly  speaking,  the  linear  analysis  allows  one  to  establish  only  the  fact  of  stability  or 
instability  of  a  plane  steady  wave  but  not  the  developing  pattern  of  wave  propagation. 
However,  one  can  try  to  use  such  analysis  to  qualitatively  predict  the  wave  behavior  due 
to  the  instability.  Such  an  attempt  has  been  made  in  [4]  to  explain  the  experimentally 
observed  change  in  the  pattern  of  gasless  combustion  wave  propagation  [5]  as  the  system 
moves  away  from  a  stalde  state.  Below,  we  present  numerical  results  confirming  the 
conclusions  of  [4]. 

We  examined  the  simplest  model,  in  which  the  wave  propagates  along  an  empty 
cylinder  of  circular  cross  section.  We  analyzed  the  standard  set  of  partial  differential 
equations  [6]  describing  the  release  and  diffusion  of  heat  and  the  consumption  of  the 
limiting  reactant.  In  the  first  series  of  computations,  heat  loss  was  neglected,  in  which 
case  the  number  of  control  parameters  is  reduced  to  two: 

a  =  9.1r-2.5/3  with  7  =  !^, 


\RTl  (  B  \ 

where  Q  is  the  heat  of  reaction,  E  is  the  activation  energy,  c  is  the  specific  heat,  R  is  the 
gas  constant,  is  the  temperature  of  reaction  products,  a  is  the  pre-exponential  factor 
in  the  Arrhenius  law,  d  is  the  diameter  of  the  cylinder,  A  is  the  thermal  conductivity. 

The  numerical  results  are  shown  in  the  (a,  i')  plane  in  the  Fig.  1.  The  open  square 
corresponds  to  the  steady  plane  wave,  open  circles,  half-closed  circles,  closed  circles,  and 
triangles  repieseiil  plauai'  Oscillations,  two-head  spin  wave,  and  three-head  spin  wave, 
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respectively.  The  term  spin  implies  that  one  or  more  hot  spots  move  in  a  helical  fashion 
on  the  surface  of  the  specimen.  Fig.  1  is  consistent  with  the  analogous  graph  of  [4]  and 
thereby  with  the  data  of  [5].  Indeed,  during  the  experiments,  a  number  of  specimens 
made  of  mixtures  providing  various  values  of  Tb  has  been  used.  A  decrease  in  Tt  results 
in  a  decrease  in  a  and  an  increase  in  u.  This  is  equivalent  to  a  downward  displacement 
along  the  lines  shown  in  the  Fig.  1  (the  lower  one  corresponds  to  the  larger  diameter). 
The  details  of  plotting  the  lines  are  described  in  [4].  As  we  move  along  them,  we  pass 
multispot  regimes  before  reaching  the  one-head  spin-wave  regiitie.  The  same  change 
of  regimes  was  observed  in  [5].  We  also  examined  the  case  of  essentially  nonzero  heat 
loss  by  introducing  the  respective  term  into  the  energy  equation.  We  have  found  that 
the  representing  points  occupy  qualitatively  the  same  relative  positions  as  in  the  above 
case.  The  difference  is  that  the  points  shift  to  the  right  and  upward,  and  the  plane 
oscillations  disappear. 

These  results,  combined  with  the  conclusion  of  [7]  concerning  the  chaotic  planar 
oscillations  at  a  <  1  and  zero  heat  loss,  allow  us  to  speculate  on  the  existence  of  an 
interesting  self-organization  phenomenon.  Let  us  consider  the  case  of  zero  heat  loss. 
The  planar  chaotic  oscillations  will  occur  at  zero  diameter  under  strong  instability 
conditions  (u  oo,  a  1).  In  the  opposite  limit  of  large  diameters  {u  ->  0),  multiple 
hot  spots  must  appear  on  the  front.  It  seems  natural  to  expect  that  their  interaction 
should  result  in  a  new  chaotic  regime.  Thus,  the  domain  of  periodic  one-head  spin 
regime  turns  out  to  be  covered  by  chaotic  regime  domains.  In  other  words,  the  domain 
of  periodic  regime  deeply  intrudes  into  the  region  of  instability.  We  intend  to  verify 
this  statement  in  our  forthcoming  studies. 
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SESSION  6.  Detonation 

THE  SPRAY  DETONATION  THEORY  AND  THE  KINETIC 
EQUATION  FOR  DISPERSION  OF  A  DROP  IN  A  FLOW 

S.  K.  Aslanov 

Odessa  State  University,  Petra  Velikogo  2,  Odessa,  270057  Ukraine 


The  kinetics  for  the  breeikup  of  combustible  drops  in  the  high-velocity  gas  flow 
behind  the  moving  shock  wave,  plays  an  important  role  in  the  construction  of  the 
theory  of  detonation  in  gas-liquid  systems.  This  process,  determining  the  sizes  and 
intensity  of  the  shedding  of  small  droplets  off  the  surface  of  the  starting  drops,  controls 
the  formation  of  the  secondary  dispersion  and  defines  the  intensity  of  the  subsequent 
evaporation,  mixing  and  combustion.  A  comprehensive  theoretical  study  of  detonation 
propagation  in  such  systems  requires,  as  a  first  step,  derivation  of  an  adequate  equation 
governing  the  kinetics  of  breakup  of  drops  by  the  incoming  gas  flow.  The  present  work 
attempts  to  construct  a  closed  theory  of  steady  detonation,  which  includes  the  release 
of  the  self-sustaining  regime  using  the  conditions  proposed  by  Ya.  B.  Zel’dovich  [1]. 

The  mechanism  of  the  rapidly  developing  dynamic  instability  of  the  surface  layer 
is  used  as  the  basis  of  theoretical  explanation  of  the  drop  breakup  process  by  the  aero¬ 
dynamical  effects  of  the  flow  and  acceleration.  It  manifests  itself  in  the  progressive 
development  of  spontaneous  wave  formation  at  the  front  edge  of  the  drop.  For  a  dis¬ 
turbance  of  the  form  ~  expwf  the  counteracting  factors  including  drop  viscosity  and 
inertia  as  well  as  the  effects  of  the  surrounding  flow  and  surface  tension  are  taken  into 
account.  The  conjugated  problem  for  perturbations  is  solved  using  the  power  asymp¬ 
totics  for  the  eigenvalue  w  parametrized  by  viscosity.  The  probable  size  of  the  resulting 
droplets  is  estimated  (within  the  accuracy  of  the  leading-order  term)  as  determined 
by  the  range  of  the  wave  spectrum  scales  corresponding  to  the  highest  increase  of  the 
inertial  forces  is 


where  W  is  the  drop  acceleration  /t  and  p  are  the  viscosity  and  density  of  the  fluid, 
respectively,  upon  reaching  a  sufficiently  high  value,  those  forces  induce  the  breakaway 
of  liquid  droplets  from  the  crests  of  surface  waves.  The  breakup  delay  time  for  the  drop 
is  estimated  by  the  increment  of  wave  formation; 
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This  model  of  the  drop  breakup  explains  the  dependence  of  At  on  viscosi  y  contrary 
to  the  result  predicted  by  the  model  of  boundary  layer  separation  [2], 

The  kinetic  equation  for  the  breakup  process  is  based  on  the  estimate  of  mass 
decrease  for  a  single  spherical  drop  m{t), 


dm 

dt 


~A{t) 


Am 

~Kt 


with  the  factor  A{t)  reflecting  the  existence  of  the  breakup  delay  time.  The  incremental 
mass  decrease  Am  is  found  from  the  simplest  model  of  layer-by-layer  breakaway  of 
secondary  particles  off  the  drop  surface.  As  a  result,  a  differential  kinetic  equation 
with  the  imdefined  breakup  constant  Ai  of  order  unity  [3]  is  obtained.  Its  integration 
yields 


m 

mo 


=  1  -  r'(3  -  2r), 


4  =  2 


(1) 


where  mo  is  the  starting  mass  of  the  drop  of  diameter  do,  tk  is  the  total  breakup  time. 
This  theoretical  result  agrees  well  with  the  known  empirical  cosine  law  [2] . 

The  thermogasdynamic  computational  scheme  [4]  is  used  to  model  the  two-phase 
flow  inside  the  detonation  zone.  This  sclieme  has  been  constructed  for  a  five- component, 
two-speed  medium  with  inertiafree  dispersion  of  the  secondary  particles.  Equation  (1) 
is  introduced  into  this  scheme  together  with  appropriate  equations  of  drop  evaporation 
with  constant  rate  of  decrease  in  the  surface  area  and  Arrhenius  combustion  chemistry. 
The  set  of  equations  of  motion  is  integrated  from  the  leading  shock  front  to  the  Jouguet 
plane,  where  the  Mach  number  of  the  gas  phase  reaches  unity.  As  a  result,  the  possibility 
of  existence  of  a  family  of  steady  detonation  zones  described  by  a  two-valued  dependence 
of  the  propagation  velocity  D  on  the  zone  length,  is  established  for  every  composition 
and  dispersability.  The  breakup  constant  Ai  is  an  additional  parameter.  The  problem 
of  practical  realization  is  solved  by  selecting  a  self-sustaining  regime  satisfying  the 
conditions  of  [1]  at  the  of  Jouguet  plane,  thus  ensuring  the  subsonic  to  supersonic  flow 
transition.  This  can  occur  only  at  the  maximum  detonation  velocity  (with  complete 
combustion)  and  close  to  the  regime  with  the  minimum  width  of  zone  (with  incomplete 
combustion).  In  the  latter  case,  the  agreement  of  the  calculated  values  with  the  known 
experimental  data  makes  it  possible  to  appropriately  fit  the  value  of  the  undefined 
constant  A\. 

Computations  were  performed  for  the  monodisperse  suspension  of  kerosene  in  oxy¬ 
gen.  At  stoichiometric  composition  do  =  0.29,  0.90,  2.60  mm.  Accordingly,  the  values 
D  =  1890,  1700,  1610  m/s  are  obtained.  Thus,  decreasing  character  of  the  function 
D{do)  is  explained. 
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ON  THE  FLOW  ASSOCIATED  WITH  CO  DETONATION 
COMBUSTION  IN  AN  EXPERIMENTAL  FACILITY  WITH  A 
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A  combustible  mixture  of  carbon  oxide  and  oxygen  is  used  as  a  working  body  in  the 
Eindhoven  Shock  Tunnel  Facility  (EUT  STF).  BUT  STF  consists  of  a  shock  tube,  a 
supersonic  nozzle  with  a  channel  and  a  dump  tank.  The  driver  section  and  diaphragm 
section  of  the  shock  tube  are  filled  with  helium  at  pressure  11  and  5.5  bar,  respectively. 
The  test  section  of  the  shock  tube  and  the  remaining  part  of  the  EUT  STF  were  filled 
with  CO  and  O2  at  partial  pressures  74  and  37  mbar,  respectively.  Ignition  of  the 
combustible  mixture  was  performed  by  shock-wave  compression  after  the  rupture  of 
diaphragms  (!]. 

Pressure  transducers  were  located  at  several  positions  in  the  test  section  of  the  shock 
tube  and  in  the  channel  to  record  pressure  during  the  run.  Moreover,  a  line  profile 
measurement  was  carried  out  at  the  resonance  line  of  Cs  at  a  wavelength  of  852.11 
nm  in  the  middle  of  the  channel.  The  temperature  was  determined  experimentally  by 
fitting  the  self-reversed  spectral  line  profile. 

T  experimental  studies  were  accompanied  by  a  numerical  simulation  of  the  gas 
flow  and  CO  combustion  in  the  experimental  facility.  The  nonsteady  flow  of  premixed 
atomic  and  molecular  gases  was  described  within  the  framework  of  a  one-dimensional 
approach  by  the  Euler  equations  including  chemical  reaction  sources.  The  considered 
gas  components  were  CO,  CO2,  He,  HoO,  0  and  O2.  The  dependence  of  the  tempera¬ 
ture  of  the  molecular  components  of  the  mixture  on  the  thermodynamic  properties  was 
taken  into  account. 
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Figure  1:  Pressure  versus  time  in  the  stagnation  region  of  the  shock  tube. 


The  complex  chain  mechanism  of  CO  and  O2  combustion  in  the  presence  of  H2O  va¬ 
por  is  described  by  a  single  equation  of  overall  kinetics.  The  combustion  rate  was  taken 
from  [2].  Also,  oxygen  dissociation  was  taken  into  consideration  at  high  temperatures. 
The  backward  reaction  rates  are  derived  using  chemical  equilibrium  constants. 

An  incident  shock  generated  by  the  rupture  of  the  diaphragms  moves  in  the  test 
section  and  the  gas  is  heated  above  the  ignition  temperature  behind  the  incident  shock 
[3].  The  chemical  reaction  starts  and  the  ignition  of  the  combustible  mixture  occurs 
at  .3  ms  after  the  rupture  of  the  diaphragms.  The  time  interval  of  3  ms  is  the  ignition 
period  of  the  mixture  after  its  interaction  with  the  incident  shock  wave.  The  combustion 
leads  to  formation  of  two  detonation  waves  propagating  in  opposite  directions  from  the 
ignition  point.  The  first  detonation  wave  overtakes  the  incident  shock  wave,  and  the 
incident  shock  wave  is  taken  up  in  the  detonation  wave.  After  the  passage  of  the 
detonation  wave,  thermodynamic  equilibrium  is  reached.  The  product  gas  is  stopped 
in  the  region  between  the  two  detonation  waves. 

The  computed  pressure  histories  are  compared  with  measured  pressures  in  Figs.  1 
ai  j  2.  Solid  line  denotes  the  computational  results,  points  are  experimental  data  for 
different  runs.  The  locations  are  0.1  m  upstream  of  the  shock  tube  end  plate  (stagnation 
region)  (Fig.  1)  and  1.115  m  downstream  of  the  end  plate  (Fig.  2).  For  the  cases 
presented,  the  time  starts  at  the  4th  ms  after  the  run  start.  The  trough  in  the  pressure 
signal  between  2  and  5  ms  is  due  to  the  passage  of  the  reflected  shock  wave  through 
the  region  of  quiescent  product  gas.  The  pressure  plateau  is  observed  in  this  region  in 
the  experiments  with  nonreacting  gas.  The  product  gas  is  collected  in  the  dump  tank. 
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Figure  2:  Pressure  versus  time  in  the  channel. 

Pressure  in  the  tank  increases  and  a  shock  wave  begins  to  propagate  upstream  in  the 
channel.  This  shock  has  been  observed  both  theoretically  and  experimentally  in  Fig.  2 
at  12  ms. 

The  temperature  determined  by  fitting  the  self-reversed  spectral  line  profile  is  2600 
K.  The  same  average  value  of  temperature  has  been  obtcined  numerically  at  this  ob¬ 
servation  point  for  the  time  interval  when  stagnation  regioi  appears  in  the  shock  tube. 
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ON  THE  NATURE  OF  DETONATION  PROPAGATION  IN 
BLASTING  EXPLOSIVE  MIXTURES  WITH  INERT  ADDITIVES 

SUCH  AS  POLYSALT 

I.  F.  Bondarenko,  A.  T.  Vedin 

Yakuiniproalmaz,  Mirnyi,  Russia 


Unstabki  propagation  of  the  detonation  process  along  the  charge  is  characteristic 
for  blasting  explosives  with  intergrain  space  filled  with  inert  additives  [1].  The  loss  of 
stability  of  a  detonation  waveh  with  a  steady  front  leads  to  generation  of  a  detonation 
waveh  with  a  pulsating  front  [2,  3].  It  is  assumed  that  the  pulsating  process  is  one  of 
the  forms  ol'  propagation  of  explosive  chemical  coversion  near  the  detonation  limits  [3] . 

The  paper  presents  some  results  on  the  nature  of  detonation  waves  in  charges  con¬ 
sisting  of  a  heavily  diluted  TNT/polysalt  mixture. 

Cylindrical  charges  of  bulk  density  contained  in  a  glass  shell  of  diameter  8  mm 
and  length  120  mm  were  used  in  the  experiments  to  determine  the  velocity  D  and 
the  character  of  the  detonation  wave  propagation.  The  initiation  of  the  charges  was 
performed  by  a  weighted  amount  of  PETN  and  a  drop  of  lead  azide.  In  order  to  study 
detonation,  we  used  trotyl  powders  with  meiss  content  of  particles  of  size  below  10  pm 
96.3%,  of  size  10-20  pm  3.2%  and  of  size  20-30  pm  0.5%.  A  multicomponent  salt 
predomii,antly  consisting  of  calcium  chloride  component  (86%  mass)  evaporated  from 
a  salt  drine  was  used  as  the  inert  additive  to  the  mixture. 

The  character  of  the  detonation  propagation  along  the  charge  length  was  judged  by 
the  luminosity  photoscan  as  viewed  from  the  lateral  face  of  the  specimen  and  by  the 
front  velocity  measurements  using  an  SFR-2M  photographic  recorder,  as  well  as  by  the 
impression  traces  on  the  side  walls  of  copper  cylinder  channel. 

Stable  detonation  was  observed  for  charge  mixtures  containing  not  more  than  50% 
of  additives  (C).  A  more  complex  detonation  pattern  was  recorded  for  TNT/polysalt 
mixtures  (50/50).  Figure  1  shows  a  typical  recorded  high-speed  photograph  of  detona¬ 
tion  in  such  a  mixture.  It  has  been  found  that,  although  the  detonation  wave  front  on 
the  photoscan  is  a  staight  line,  its  luminosity  is  inhomogeneous  and  contains  internal 
disturbances  varying  along  the  charge  length  down  to  the  discontinuity  of  the  luminos¬ 
ity  line.  The  detonation  velocity  for  the  chosen  mixtures  is  determined  by  relationship 
D{C). 

The  characteristic  detonation  property  of  TNT/polysalt  mixtures  containing  50% 
and  more  of  additives  is  the  existence  of  an  unstable  detonation  wave  propagation 
regime.  The  transition  to  the  unstable  detonation  in  the  studied  mixtures  occurs  at  the 
distance  of  5  charge  diameters  (d)  from  the  initiation  point.  The  continuous  luminosity 
scan  is  observed  over  the  region  ranging  from  the  onset  of  the  unstable  detonation 
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Figure  1:  A  fragment  of  the  recorded  high  speed  photograph. 


regime  up  to  8d,  and  further  to  the  end  of  the  charge  the  luminosity  is  intermittently 
discontinued.  The  cliaracteristic  impression  traces  of  cellular  structure  are  left  on  the 
channel  walls  after  detonating  the  50/50  mixture  of  TNT/polysalt  in  a  massive  copper 
shell  with  side  walls  thicJcncss  18  mm.  The  severity  of  exposure  to  the  detonation  wave 
front  across  the  section  of  the  channel  is  irregular.  The  coincidence  of  the  reduced 
luminosity  detonation  trace  areas  with  the  cells  of  coarsened  structure  is  noticeable. 
The  regularity  of  areas  with  such  a  structure  has  a  pronounced  wave  character.  The 
frequency  of  the  cellular  structure,  as  well  as  character  of  the  detonation  wave  front 
luminosity  involving  generation  of  pulsations,  suggest  that  the  observed  regime  is  a 
limiting  case  of  detonation  transition  in  blasting  explosives  mixtures. 

Thus,  the  existence  of  the  pulsating  detonation  is  characteristic  not  only  of  charges 
of  diameter  less  than  critical  [3]  but  also  of  mixtures  with  a  large  amount  of  the  inert 
component  such  as  poly  salt. 
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INITIATION  OF  DETONATION  RESULTING  FROM  A 
COLLISION  OF  A  SHOCK  WAVE  WITH  AN  ORIFICE 

C.  K.  Chan,  A.  Guerrero,  F.  Torchia 

AECL  Research  Whiteshell  Laboratories  Pinawa,  Manitoba,  ROE  ILO  Canada 

It  has  been  demonstrated  [1]  that  collision  of  a  shock  wave  a  2-dimensional  reentrant 
corner  in  a  combustible  mixture  can  cause  local  strengthening  or  focussing  of  the  shock 
wave.  Depending  on  the  incident  shock  strength  (expressed  in  terms  of  shock  Mach 
number,  M,)  and  mixture  sensitivity,  such  a  collision  can  create  local  hot  spots  capable 
of  causing  ignition  or  direct  initiation  of  detonation  in  the  mixtirre.  It  was  also  observed 
that  shock  focussing  is  a  transient  phenomenon  and  the  local  high  pressure  decays 
rapidly  due  to  3-dimensional  gasdynamic  expansion.  It  is  well  known  that  ignition  and 
detonation  initiation  result  from  competition  between  various  characteristic  time  and 
length  scales.  In  order  for  the  onset  of  detonation  (a  local  explosion)  to  occur,  the 
gasdynamic  decay  time  must  be  longer  than  the  characteristic  chemical  induction  time 
of  the  mixture.  Furthermore,  the  exploding  “kernel”  must  also  be  sufficiently  large  for  a 
self-sustained  detonation  wave  to  develop.  As  a  result,  the  shock  focussing  phenomena 
are  scale  dependent.  However,  the  gasdynamic  effect  in  the  above  mentioned  study  [1] 
is  two-dimensional  in  nature  and  there  is  no  variation  of  the  exploding  kernel  size  in  the 
2-direction.  As  a  result,  the  scale  effects  of  the  phenomenon  could  not  be  determined 
quantitatively. 

This  paper  describes  the  results  of  a  quantitative  investigation  of  3-dimensional 
scale  effects  on  the  initiation  of  detonation  by  shock  focussing.  Since  orifices  are  often 
found  in  flow  processing  systems,  experiments  were  performed  to  examine  collisions  of 
a  shock  wave  with  orifices  of  various  diameters,  Dq.  Moreover,  this  geometry  allows 
not  only  the  examination  of  3-dimensional  shock  focussing  and  gasdynamic  expansion 
effects,  but  also  modelling  of  the  phenomena  using  a  2-diniensional  (axisymmetric) 
computer  code. 

The  experiments  were  performed  in  a  9  cm  x  9  cm,  4-m  long,  shock  tube  consisting 
of  a  driver  section  filled  with  helium  and  a  test  section  filled  with  a  sub- atmospheric 
stoichiometric  H2-O2  mixture  (see  Fig.  1).  This  tube  was  equipped  with  glass  windows 
allowing  direct  photographic  observation  of  the  shock  reflection  and  ignition  processes. 
A  shock  wave  created  by  breaking  the  diaphragm,  separating  the  two  sections,  with  a 
plunger.  Various  shock  strengths  were  achieved  by  varying  the  initial  pressure  of  the 
helium  in  the  driver  section.  An  orifice  mounted  downstream  in  the  test  section  was 
thus  subjected  to  normal  incident  shocks  of  various  strengths.  It  was  observed  that,  if 
the  incident  shock  was  sufficiently  strong,  the  compound  reflections  resulted  in  ignition 
of  the  gas  mixture  (leading  to  deflagration).  With  even  stronger  incident  shocks,  direct 
initiation  of  detonation  resulted. 
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Figure  1:  A  schematic  of  the  experimental  apparatus. 


Figure  2  shows  the  critical  shock  strength  for  initiation  of  detonation  as  a  function 
of  the  orifice  diameter.  The  initial  pressure  of  the  mixture  was  7.9  kPa.  The  critical 
incident  shock  Mach  numbers  for  initiation  of  detonation  were  found  to  vary  from  about 
2.55  (for  1  cm  dia.  orifice)  to  about  2.4  (for  5  cm  dia.  orifice),  respectively.  The  trend 
of  the  data  suggests  that  these  critical  incident  shock  Mach  numbers  will  eventually 
reach  an  asymptotic  value  of  2.4.  It  is  interesting  to  point  out  that  the  critical  shock 
Mach  number  is  about  2.6  for  collision  of  a  shock  wave  with  a  plate  with  no  hole  [2]. 

In  order  to  understand  the  dynamic  processes  involved  in  the  experiment,  a  series 
of  two-dimensional  calculations  was  performed  using  an  explicit  gas  dynamics  code 
(SPLIT2D  developed  by  Combustion  Dynamics  Ltd.)  This  code  employs  the  Flux 
Corrected  Transport  Algorithm  [3]  and  assumes  the  gas  mixture  to  be  inviscid.  A  2- 
step  model  similar  to  the  one  adopted  by  Taki  and  Fujiwara  [4]  was  used  to  describe 
the  reaction  process.  The  first  step  describes  the  induction  time  and  the  second  step 
describes  the  energy  release  rate.  Figure  3  shows  the  predicted  critical  conditions  (in 
terms  of  the  incident  shock  Mach  numbers)  for  the  initiation  of  detonations  resulting 
from  collisions  of  a  shock  wave  with  orifices  of  various  diameters.  The  solid  and  the 
open  symbols  represent  detonation  and  no  detonation  cases,  respectively.  The  pre¬ 
dicted  scale  dependence  of  the  phenomenon  is  similar  to  that  observed  experimentally. 
These  calculations  show,  in  agreement  with  the  experiments,  that  it  is  easier  to  achieve 
detonation  for  larger  orifices,  although  the  critical  incident  shock  Mach  number  reaches 
an  asymptotic  value.  The  above  calculations  employed  about  10,000  grid  points  with 
the  uniform  grid  spacing  of  0.5  mm.  Schlieren  photographs  reveal  that  the  hot  region 
created  by  shock  focussing  is  very  localized  and  transient.  To  simulate  initiation  of 
detonation,  the  grid  spacing  has  to  be  sufficiently  fine  to  ensure  reliable  results.  Cal¬ 
culations  using  different  grid  spacings  showed  that  further  reducing  the  grid  spacing 
below  0.5  mm  does  not  significantly  change  the  results. 

The  present  experiment  with  stoichiometric  H2-O2  mixtures  shows  that  a  collision 
of  a  shock  wave  with  an  orifice  can  create  local  hot  spots  that  are  capable  of  causing 
initiation  of  detonation  in  the  mixture.  The  critical  incident  shock  strength  required  for 
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Figure  2:  The  critical  incident  shock 
Mach  numbers  for  initiation  of  detona¬ 
tion  resulting  from  collision  of  a  shock 
wave  with  orifices  of  various  diameters. 
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Figure  3:  The  predicted  critical  inci¬ 
dent  shock  Mach  numbers  for  initiation 
of  detonation  resulting  from  collision  of 
a  shock  wave  with  orifices  of  various 
diameters. 


initiation  of  detonation  is  found  to  be  sensitive  to  the  size  (diameter)  of  the  orifice.  It  is 
easier  (in  terms  of  lower  incident  shock  Mach  number)  to  achieve  initiation  of  detonation 
with  larger  orifices.  The  critical  conditions  will  eventually  reach  an  asymptotic  value. 
Using  a  2-step  chemical  kinetic  model,  the  calculated  critical  conditions  as  well  as  the 
scale  dependence  of  the  phenomenon  agree  with  the  experimental  observation. 
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A  SIMPLIFIED  MODEL  FOR  THE  DETONATION  SHOCK 
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A  generalized  geometrical  optics  model  has  been  proposed  to  describe  two-dimensional 
detonation  wave  propagation.  As  compared  with  other  equations  of  the  detonation 
shock  dynamics  proposed  by  Bdzil,  et  al.  [1,  2],  a  similar  evolution  equation  for  the 
detonation  front  can  be  deduced  from  this  model.  The  corresponding  boundary  condi¬ 
tions  are  discussed  with  the  shock  polar  for  partly  reacted  detonation  products. 

Basic  Equations  for  the  Detonation  Shock  Dynamics  (DSD) 

Based  on  Bzdil’s  work  [3],  Stewart  [2,  4]  obtained  a  parabolic  evolution  equation 
for  weakly  curved  detonation  fronts, 

^  =  A£)£-=*  (1) 

dr  2 

where  Z[x,xj,t)  is  the  detonation  front  shape  in  the  frame  attached  to  the  front  and 
moving  along  the  z-direction  at  velocity  Dj,  the  small  parameter  £  is  the  ratio  of 
reaction  zone  length  to  the  mean  curvature  radius  l/«  of  the  front,  r  =  £^t.  t  is 
time,  V  is  the  gradient  operator  in  {x,y)  plane.  The  deficit  in  detonation  velocity  is 
AD  =  D  -  Dj,  Dj  and  D  are  CJ  and  steady  detonation  velocities,  respectively.  The 
parameter  a  ~  -{dDnIdK)  is  usually  considered  to  be  a  constant,  is  the  normal 
velocity  of  detonation  front. 

Equation  (1)  can  be  re  vritten  as  follows: 


d<i  _  OH 
dt  ^  ds^ 


d§ 

Dj 


(2) 


where  $  is  the  angle  between  the  front  normal  and  fixed  direction,  s  is  the  arc  length 
along  curve  representing  the  front. 

Lambourn  [5]  modified  the  Whitham’s  shock  dynamics  with  the  assumption  £)„  = 
D„(k),  and  his  result  can  be  rewritten  as 


dt  ^  ds^ 

Also,  we  rewrite  the  Bzdil’s  DSD  equation  as 


(3) 


d$  _ 

dt  ^  ds^ 


[($  -  +  Dn«tan$] 


ds 


(4) 
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where  £>„  is  some  average  of  Dn  over  the  interval  [$,  $e],  subscript  e  means  the  end  of 
the  front.  It  is  concluded  that  Eqs.  (2),  (3)  and  (4)  are  similar  in  the  principal  terms 
and  differ  ordy  in  the  terms  involving  d^fds,  i.e.,  the  transverse  wave  and  end  effect 
terms. 

The  Generalized  Geometrical  Optics  (GGO)  Model 

The  detonation  front  in  an  isotropic  heterogeneous  medium  can  be  described  by  the 
eikonal  equation: 

F{x,y,z)=:t.  (5) 

Because  of  the  dependence  of  D„  on  the  front  curvature  k,  Eq.  (5)  yields  the 
equation  for  the  detonation  shock  dynamics 

IgradF]^  =  D-^{k).  (6) 

Equation  (6)  is  a  complex  nonlinear  differential  equation.  We  consider  special  cases  of 
Eq.  (6)  in  the  cylindrical  and  spherical  coordinates.  Let  r  be  the  radial  or  transverse 
coordinate.  For  the  detonation  front  symmetrical  about  the  z  axis  or  two  dimensional 
in  {z,r)  coordinates,  Eq.  (6)  has  the  following  form 

^  =  (1  +  -  Dj,  (7) 

where  Z'  =  dZIdr.  A  linear  dependence  of  on  k  is  assumed,  so  that 


Dfi  jDj  flK, 


where 


P/J’ 


f  Z"  N  Z'  1 

K  =  Kl  +  =  -  I  [1  ^  Z'2]3/2  + 

iV  =  0,  1  correspond  to  planar  and  cylindrical  2-D  geometries,  respectively.  Substitut¬ 
ing  Eqs.  (8)  and  (9)  into  Eq.  (7)  and  neglecting  small  (quantities  of  higher  order,  we 
obtain  an  evolution  equation  similar  to  Stewart’s  Eq.  (1), 

^  =  AZ?,  (10) 

where  the  detonation  velocity  deficit  AZ)  =  aZ"{Z'Y.  As  t  approaches  infinity,  dZfdt  ^ 
0,  we  have  a  quasisteady  2-D  detonation  front  in  an  explosive  stick  or  bar, 
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where  r,.  is  the  radius  or  half-thickness  of  the  explosive  bar,  Jq  is  the  Bessel  function 
of  zero  order.  It  should  be  noted  that  the  solution  (11)  is  essentially  the  same  as  that 
obtained  by  Bdzil  [3],  except  for  the  coefficients. 

The  expression  for  this  model  in  polar  coordinates  has  been  deduced,  but  it  seems 
that  there  is  no  simple  analytic?,  solution. 

Boundary  Conditions  for  the  DSD  Equation 

The  energy  Q  during  detonation  is  assumed  to  release  in  two  stages,  i.e.,  (1  -  5'^)Q 
is  released  immediately  in  the  front,  then  S^Q  is  released  in  the  reaction  zone.  Further¬ 
more,  we  take  =  2(7^  -  1)Q,  where  7  is  the  polytropic  index  of  detonation  products. 
In  the  front  frame,  the  particle  velocity  just  behind  the  front  has  the  components  u 
and  V  respectively,  along  the  z  and  r  directions.  We  have 

{u -- — 7  4-  sin^  tp  -  cos -  sin^  ip 
V  =  {D  +  u)  tani/> 


where  iji  is  the  angle  between  normal  to  the  front  end  and  boundary  tangent. 
The  corresponding  density  p  and  pressure  p  of  detonation  products  are 


— ^  7 - 

7  -f  1  L  cost/’ 

PoD^  cos^  ^  .  1  /„  2“' 

- _ —  1  + - 

7  -t-  1  cos  ^  * 


where  po  is  the  density  of  the  original  explosive.  Thus, 


cos^  t/>  = 


(7  +  l)p2 


PoD"^  [2p  - 


Since  the  refraction  angle  for  a  streamline  crossing  the  front  is  9  =  -  arctan(u/i;), 
Eqs.  (12)  and  (14)  determine  the  detonation  shock  polar  in  {p,9)  plane  for  the  partly 
reacted  system. 

The  sound  speed  c  can  be  calculated  using  the  Bernoulli  theorem: 


.  lzl^^  _  .3, 
2(7-11)  2  ^  ’ 


Finally,  we  derive  the  following  equation  for  the  boundary  or  end  condition  of  front 


-  {v?  -1  v^)  =  cos^  ip 


'6^  -  sin^  i)  1  -  sin^  xp 


7  -f  1  costp 


7-11  cos^  Ip 


-tan^i/»  (16) 
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Assuming  that  the  detonation  products  at  the  front  end  leave  the  front  at  the  sound 
speed,  from  Eq.  (16)  we  obtain 


t&nil)  = 


_  ^2)1/2 


(17) 


In  a  calculation  of  DSD  coupling  with  hydrodynamic  code,  S  is  given  by  Eq.  (12) 
from  p  and  ip.  Then,  Eq.  (16)  is  employed  to  determinate  whether  the  flow  is  supersonic. 
If  so,  Eq.  (17)  will  be  used  to  adjust  the  boundary  angle  ip.  When  the  flow  becomes 
sonic.  Ip  becomes  constant  henceforth. 

According  to  the  generalized  geometrical  optics  model  and  the  above  boundary 
conditions,  a  computer  code  has  been  developed.  It  works  well  in  reproducing  measured 
detonation  wave  propagation  in  insensitive  explosives  [6]. 
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ELECTRIC  STRENGTH  AND  ELECTRIC  CONDUCTIVITY  OF 
DETONATION  PRODUCTS,  FOLLOWING  DETONATION  WAVE 
FRONT  IN  A  SOLID  HIGH  EXPLOSIVE 

V.  K.  Chernyshev,  V.  A.  Ivanov 

All-Russia  Scientific  Research  Instdate  of  Experimental  Physics,  Arzamas  16,  Nizhni 

Novgorod  Region,  Russia 

Recent  years  have  shown  the  growing  interest  in  studying  electric  properties  of  high 
explosive  (HE)  detonation  products.  This  is  due  to  the  fact  that  in  the  number  of  cases 
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only  HE  allow  solution  of  complex  applied  problems.  For  example,  the  application  of  HE 
in  designs  of  magaamper  opening  switches  allows  one  to  enhance  their  fast  operation, 
to  increase  electric  strength,  and  to  use  electromagnetic  energy  more  efficiently  (in 
electroexplosive  current  opening  switches  a  part  of  energy  is  lost  due  to  conductor 
transition  from  solid  to  gaseous  state)  [1,  2]. 

The  basic  parameters,  characterizing  a  current  opening  switch,  are  the  resistance, 
introduced  into  an  electric  contour  during  its  opening,  and  the  electric  field  strength 
along  an  opening  switch  (i.e.,  electric  strength).  To  a  significant  degree,  these  pa¬ 
rameters  are  specified  by  the  electric  conductivity  and  electric  strength  of  detonation 
products  of  HE  used  in  an  opening  switch. 

The  task  of  the  present  work  was  to  study  electric  conductivity  and  electric  strength 
of  detonation  products  of  the  HE  charge  composed  of  30%  trotyl  and  70%  hexogen). 
In  our  experiments,  the  density  of  the  HE  charge  was  1.7  g/cm®.  For  estimating 
experimentally  the  detonation  product  (DP)  conductivity,  we  have  conducted  two  sets 
of  experiments  by  using  electrocontact  measuring  technique  [3]  with  flat  and  annular 
electrodes.  Experimental  results  have  shown  that  the  effective  thickness  of  the  DP 
conductivity  zone  in  the  vicinity  of  detonation  wave  front  is  <  1  inm,  and  the  resistance 
is  within  the  range  from  0.2  to  0.3  Ohm-cm. 

The  electric  strength  of  DP  has  been  measured  by  using  two  measuring  techniques. 
In  the  first,  the  electric  strength  has  been  estimated  on  the  basis  of  the  break  down 
voltage  of  a  gap  between  electrodes.  In  the  second,  the  electric  strength  of  DP  was 
determined  by  using  the  voltage  whicli  develops  at  the  ends  of  a  gap  arising  as  a  result 
of  conductor  break  by  HE  charge  at  the  dielectric  ribbed  barrier.  The  size  of  gap  in  a 
conductor  was  determined  in  earlier  experiments  [4,  5].  The  both  measuring  techniques 
gave  the  value  of  DP  electric  strength  of  about  40  kV/cm. 
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EXCITATION  OF  SECONDARY  EXPLOSIVE  SUBSTANCE 
DETONATION  USING  ELECTRIC  EXPLOSION  OF 
CONDUCTORS 

V.  K.  Chernyshev,  E.  1.  Zharinov,  V.  V.  Vakhrushev 

All-Russia  Scientific  Institute  of  Experimental  Physics,  Arzamas-16,  Nizhni  Novgorod  Region, 

Russia 


Despite  the  numerous  investigations  of  excitation  of  secondary  high  explosive  (HE) 
detonation  using  electrical  explosions  of  conductors  [1,  2,  3],  the  issue  has  remained 
open  what  is  the  optimum  bridge  length  and  can  the  HE  explode  with  the  bridge 
length  being  fractions  of  miUimetre. 

The  goal  of  the  present  work  was  to  investigate  the  reUabihty  of  detonation  exci¬ 
tation  in  a  fine  crystalline  PETN,  using  electroexplosion  of  a  constantan  bridge  0.03 
mm  in  diameter,  as  depending  on  a  bridge  length  and  the  amount  of  energy  put  into 
the  bridge.  A  cylinder  10  mm  in  diameter  and  15  mm  in  height  was  used  as  the 
experimental  model  chamber  (see  Fig.  1). 

The  cylinder  included  a  block  (1)  made  of  an  insulating  material  with  two  1-mm 
wire  electrodes  (2)  pressed  into  it  and  a  bridge  (3);  a  casing  made  of  an  insulating 
material  (4)  with  a  bulk  of  fine  crystalline  PETN  (5)  of  density  0.8  g/cm^  and  weight 
of  0.2  g  and  a  pellet  (6)  made  of  plastic  HE  of  diameter  8  mm  and  height  5  mm. 

To  study  the  process  of  HE  detonation  excitation  by  the  conductor  explosion,  a 
capacitor  bank  was  used  as  the  source  of  electric  energy  with  the  maximum  voltage  of  10 
kV  and  the  following  parameters:  0.15  pF  capacity  and  discharge  circuit  inductance  ~  1 
pH.  During  experiments,  the  following  characteristics  were  measured:  the  wire  current, 
the  voltage  applied  to  the  electrodes,  and  the  time  of  explosive  facility  operation  . 

The  experiments  were  conducted  with  the  electrode  gap  width  varied  from  0.4  mm 
to  3.5  mm  and  7  kV  voltage  in  a  capacitor  bank.  The  current  and  voltage  histories  are 
given  in  Fig.  2,  and  the  power  and  resistance  histories  are  given,  respectively,  in  Figs.  3 
and  4.  For  comparison,  we  also  show  the  power  and  resistance  histories  (dotted  lines) 
for  chambers  not  charged  by  HE. 

Analysis  of  the  experimental  data  shows  that  the  peak  of  power  history  coincides 
with  that  of  resistance,  i.e.  corresponds  to  the  moment  of  maximum  voltage.  When 
the  bridge  length  is  decreased,  the  peak  resistance  decreases  in  a  lesser  proportion: 
for  /bridge  =  3.5  mm,  R^ax  =  7  Ohm,  and  Rmax/ /bridge  =  2  Ohm/mm,  whereas  for 
/bridge  =  0.4  mm,  Rmax  =  1-5  Ohm,  and  Rmax  I /bridge  =  3.7  Ohm/imn.  It  is  interesting 
to  note  that,  with  a  decrease  in  bridge  length,  the  maximum  power  pet  unit  length  also 
increases  (for  /bridge  =  3.5  mm,  Pmaxl/bridge  =  1-4  MW/nmi,  and  for  /bridge  =  0.4  mm, 
PmaxI /bridge  =  4  MW/iruu).  When  the  bridge  explodes  without  HE  (in  the  air),  the 


332 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


Figure  4. 


Figure  f . 


peak  resistance  per  unit  length  is  lower,  but  the  maximum  power  is  higher  than  with 
HE.  In  this  case  the  bridge  explodes  noticeably  earlier,  and  the  power  and  resistance 
rise  substantially  sharper.  The  given  dependences  correspond  well  to  the  trends  in  wire 
explosion  behavior,  observed  by  a  number  of  authors.  In  particular,  Ihcker  and  Nelson 
[4],  in  analyzing  the  dependence  of  the  energy  input  into  the  wire  prior  to  its  explosion 
on  the  wire  length  have  come  to  the  conclusion  that  “the  curve  extrapolation  of  energy 
dependence  on  the  length  to  zero  length  does  not  give  zero  energy  value”  and  speculate 
that  end  effects  may  lead  to  extensive  branching  of  the  current-conducting  paths  at  the 
gap  ends.  F.  Webb  and  N.  Chase  observed  branching  of  this  type  of  the  final  stage  of 
wire  explosion  [5].  Evidently,  this  can  be  the  physical  reason  for  the  growth  of  resistance 
per  unit  length  with  decreasing  gap  widvh.  Figure  5  shows  the  resistance  dependence 
of  the  bridge  unit  length  versus  the  location  of  the  portion  under  consideration  in  the 
gap,  plotted  on  the  basis  of  the  oscilloscope  records. 

The  graph  reflects  the  sharp  increase  in  the  resistance  of  the  portions  of  conducting 
paths  adjoining  the  electrodes.  The  resistance  per  unit  length  of  these  portions  is 
approximately  four  times  higher  than  that  in  the  middle  of  the  gap. 

If  according  to  a  total  quantity  of  the  interelectrode  gap  we  assume  the  energy 
released  by  the  bridge  of  length  3.5  mm  as  the  reference  value,  then  the  energy  of  the 
bridge  of  1  mm  length  is  2.4  times  and  that  of  the  bridge  of  0.3  mm  or  0.4  mm  length 
is  3.1  times  lower,  respectively. 

Thus,  in  terms  of  energy,  bridges  of  length  0.3  or  0.4  mm  are  optimum. 
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NUMERICAL  SIMULATION  FOR  MECHANICAL  FRACTURE 
AND  THERMAL  INITIATION  IN  SOLID  EXPLOSIVES  BY 

IMPACT 

A.  V.  Dubovik 


Due  to  the  labor  content  and  high  costs  of  the  studies  of  the  determination  of  high 
explosives  (HE)  sensitivity  to  mechanical  actions,  there  is  a  need  in  numerical  simula¬ 
tion  of  the  process  of  explosion  initiation  by  an  impact  [1-3].  wSuccessful  development  of 
this  project  will  allow  us  to  advance  in  the  investigation  of  the  mechanism  of  initiation 
of  fast  chemical  reactions  during  the  mechanical  activation  in  solids. 

Mathematical  models  describing  the  mechanical  behavior  are  presented  where  ini¬ 
tiation  of  HE  is  based  on  the  experimental  data  obtained  during  the  investigations  of 
solid  organic  HE  sensitivity  to  impact  [4-5]: 

(1)  explosion  initiation  occurs  via  th  failure  of  the  HE  charge; 

(2)  the  HE  failure  is  the  result  of  thermal  unstrengthening  (softening)  of  the  explosive; 

(3)  the  HE  heating  at  the  contact  boundaries  between  the  fragments  (slipbands)  re¬ 

sulting  from  the  charge  failure  bring  the  HE  to  its  melting  point; 

(4)  until  th  .iioment  of  charge  failure,  the  HE  compression  occurs  in  a  quasisteady 

regime. 
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Within  the  framework  of  the  models  under  consideration  the  following  assumptions 
are  introduced: 

•  the  mechanical  behavior  of  the  HE  during  the  impact  is  described  in  terms  of  the 
visco-plastic  model  for  solids; 

•  the  quasistead}'  character  of  the  HE  compression  persists  during  the  charge  failure 
as  well; 

•  the  heat  release  in  the  slipbands  is  due  to: 

a)  the  sliding  friction  with  specific  force  equal  to  the  limit  shear  strength  (the 

friction  F-model); 

b)  the  viscous  dissipation  in  the  liquid  interlayer  between  the  fragments  (visco¬ 

plastic  VP-model); 

•  the  HE  decomposition  reaction  is  high-activated  and  is  high-exothermic,  the  ex¬ 
plosion  initiation  time  4  is  determined  by 

4 

/  =  Jr:'mt))dt  =  i. 

0 

where  Ta{T)  is  the  adiabatic  induction  time. 

The  goal  of  calculations  was  to  determine  the  criterion  for  the  initiation  of  explosion 
in  the  HE,  as  defined  by  the  equality  of  the  charge  failure  time  tp  and  the  explosion  time 
4-  In  the  axially  symmetric  presentation,  the  HE  charge  is  characterized  by  its  radius 
R  and  thickness  h.  With  decreasing  h,  tp  increases  as  h~^  {k  ~  1),  due  to  the  growing 
resistance  of  the  charge  failure  (determined  by  dissipative  and  inertial  forces).  At  the 
same  time,  the  dissipated  energy  increases  as  and,  as  a  result,  4  decreases  as 

exp(///i'/^),  where  H  ~  EfTZTo  {E  is  the  activation  energy,  11  is  the  gas  constant).  The 
critical  thickness  of  the  charge  hk,  as  determined  from  the  equation  h  =  tp,  correlates 
to  the  critical  pressure  initiation,  pk  ~  (the  pressure  created  in  the  HE  charge  prior 
to  its  failure  for  the  critical  conditions  of  the  impact).  The  parameter  pk  characterizes 
the  HE  sensitivity  to  impact  and  hazard  in  handling. 

The  numerical  procedure  of  determination  of  pk  is  as  follows.  Initially,  the  temper¬ 
ature  distribution  along  the  charge  radius  R  is  found.  Next,  the  value  of  radius,  Vk,  at 
which  T  is  maximum  is  determined.  Next,  the  value  of  h  is  varied  and  the  value  of  / 
is  calculated.  The  process  is  continued  until  /  =  1  is  reached.  At  this  moment,  h  =  hk 
and  p  =  Pk- 

The  predicted  and  measured  critical  parameters  at  initiation  for  PETN  obtained 
under  moderate  impact  conditions  (energy  being  25  J)  are  given  in  the  Table  1.  The 
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Table  1. 


models 

Pk,  GPa 

hk,  mm 

Tk,K 

tb,  ps 

rk,  mm 

F 

0.489 

0.281 

682 

11.5 

1.00 

VP 

0.489 

0.270 

656 

14.3 

1.38 

Exper 

0.49 

0.27 

— 

— 

— 

calculations  were  made  by  the  friction  (F)  and  visco-plastic  (VP)  models.  The  exper¬ 
iments  were  carried  out  in  a  drop-weight  machine  (weight  10  kg,  impact  velocity  2.2 
m/s)  with  roll  units  (the  roll  diameter  2R  —  1  cm). 

Despite  the  difference  in  mathematical  representations  of  heat  release  in  HE  during 
the  impact  (planar  in  the  F-model  and  volumetric  in  the  VP-model),  the  calculations 
of  pk  using  these  models  are  similar.  The  estimates  show  that  the  liquid  interlayer 
thickness  in  HE  is  smaller  than  the  fragment  size  (~  h).  This  situation  allows  us  to 
consider  the  liquid  interlayer  as  a  plane  source  of  heat  release. 

The  calculations  show  that  pk  weakly  depends  on  the  impact  velocity  and  the  HE 
shear  strength,  decreasing  with  increasing  R  and  initial  temperature  To,  but  strongly 
depends  on  the  activation  parameters  of  HE  thermal  decomposition.  All  these  results 
agree  with  the  available  experimental  data  on  the  HE  sensitivity  to  impact  [4-6]. 
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DEFLAGRATION-TO-EXPLOSION  TRANSITION  OF 
PELLETIZED  EXPLOSIVE  MATERIALS 

B.  S.  Ermolaev,  V.  A.  Foteenkov,  B.  A.  Khasainov,  A.  A,  Sulimov 

Institute  of  Chemical  Physics,  Russian  Academy  of  Sciences 
Kosygin  street  4,  Moscow,  117977  Russia 

Spontaneous  transition  from  deflagration  to  explosion  or  detonation  during  acci¬ 
dents  remains  an  urgent  problem  of  safety  in  manufacturing,  transportation  and  stor¬ 
age  of  explosive  materials  (EM).  The  main  feature  of  accidental  large-scale  explosions 
of  EM  is  that  the  initial  center  of  combustion  (the  burning  kernel)  is  subjected  to  the 
strong  effect  of  expansion  due  to  the  scattering  of  EM  layers  already  in  the  earliest 
stage  of  the  process.  The  conventional  methods  of  DDT  investigation  do  not  take  into 
account  this  phenomenon.  The  new  approach  suggested  here  makes  it  possible.  The 
method  was  named  “EM  column  critical  height  test”.  According  to  it,  an  EM  sample 
contained  in  a  thin-walled  steel  tube  with  the  open  upper  end  is  ignited  by  a  hot  wire 
at  the  bottom,  and  the  combustion  wave  spreads  initially  as  a  conductive  layer-by- 
layer  process.  The  final  result  of  the  combustion  process  depends  on  the  EM  column 
height.  The  experiments  revealed  the  existence  of  a  critical  height  {Her)’  below  it, 
combustion  resulted  in  ejection  of  the  EM  column  from  the  tube  and  its  slow  burn-out 
without  explosion,  while  above  it  an  explosion  occurred.  The  critical  height  and  the 
critical  pressure  Per,  which  is  observed  in  the  burning  kernel  under  the  critical  con¬ 
ditions,  could  be  used  as  reliable  measures  of  the  tendency  of  large  masses  of  EM  to 
deflagration- to-explosion  transition  under  emergency  conditions. 

The  critical  values  of  Her  and  Per  for  HMX,  single-base  propellants  (with  and 
without  a  combustion  inhibitor),  and  double-base  propellants  were  determined.  The 
pressure  in  the  burning  kernel  was  measured  by  a  piezoelectric  gauge  in  the  bottom 
flange  of  the  tube  near  the  ignition  location.  The  diagnostics  also  included  high-speed 
photography  and  evaluation  of  TNT  equivalent  by  standard  methods.  In  order  to 
find  the  critical  conditions,  we  performed  a  series  of  tests  with  gradually  increased 
heights  of  the  EM  column.  The  effect  of  the  tube  diameter  (up  to  100  cm)  on  the 
critical  conditions  was  examined.  The  typical  dependence  of  Her  on  the  tube  diameter 
included  two  regions:  at  small  diameters  (up  to  30-40  cm)  Her  increases  sharply  with 
the  diameter;  at  large  diameters  (above  40  cm)  the  dependence  levels  off.  Besides,  the 
effects  of  pellet  size,  the  presence  of  an  inhibitor,  and  tube  wall  roughness  were  studied. 

A  one-dimentional  mathematical  model  of  the  process  has  been  developed,  including 
the  transition  from  layer-by-layer  combustion  to  convective  combustion  driven  by  the 
pressure  rise  in  the  burning  kernel  and  the  competing  expansion  due  to  filtration  of 
the  combustion  products  through  the  EM  column  and  ejection  of  the  EM  from  the 
tube,  which  results  in  a  pressure  drop.  If  the  expansion  dominates,  the  EM  burns  out 
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slowly  without  a  marked  pressure  rise  in  the  burning  kernel.  If  the  expansion  is  not 
fast  enough  to  suppress  the  pressurf  rise,  rapid  acceleration  of  the  burning  rate  and 
the  pressure  rise  will  result  in  explosion. 

The  convective  burning  is  treated  using  the  simplified  model  developed  earlier  [1]. 
Before  the  onset  of  convective  combustion,  the  HE  ignited  at  the  bottom  surface  initially 
burns  in  the  conductive  regime  at  a  rate  specified  by  the  normal  combustion  law  of  the 
EM.  A  delay  in  the  onset  of  convective  combustion  is  defined  as  the  moment  at  which  the 
combustion  products  penetrating  into  the  EM  colmnn  heat  the  surface  of  the  particles 
ahead  of  the  conductive  flame  front  to  the  ignition  temperature.  The  convective  flame 
front  is  treated  as  a  plane  separating  the  filtration  zone  and  the  combustion  zone.  The 
preheat  zone  is  thin  as  compared  with  these  zones.  The  EM  particles  behind  the  flame 
front  burn  over  their  entire  surface  at  the  regression  rate  of  conductive  combustion. 

The  pressure  rise  in  the  burning  kernel  moves  the  EM  column  as  a  whole  along 
the  tube  and  ejects  it  from  the  confinement.  The  threshold  pressure  at  which  the  EM 
movement  starts  and  the  friction  force  which  impedes  the  movement  are  taken  into 
account. 

The  set  of  governing  equations  of  the  model  was  solved  numerically.  The  results 
show  a  good  agreement  with  the  experimental  pressure-time  histories  measured  in  the 
burning  kernel,  the  existence  of  the  critical  height  of  the  EM  column  separating  the  ex¬ 
plosive  and  slow  combustion  modes,  and  the  dependencies  of  !!„  on  the  tube  diameter 
and  the  particle  size.  Moreover,  we  were  able  to  predict  numerically  the  effects  of  the 
initial  temperature  and  the  presence  of  a  combustion  inhibitor. 


Conclusions 

A  new  approach  to  the  problem  of  deflagration-to-explosion  transition  based  on  the 
EM  column  critical  height  test  has  been  developed.  Criteria  discriminating  between 
the  explosion  and  the  burn-out  without  explosion  have  been  examined.  A  theoretical 
model  of  the  test  has  been  developed.  The  test  and  characteristics  measured  under  the 
critical  conditions  (the  critical  height  of  the  EM  column  ignited  at  the  bottom  of  a  steel 
tube  with  the  open  upper  end,  and  the  critical  pressure  measured  in  the  burning  kernel 
when  the  height  of  the  HE  column  is  critical)  will  be  undoubtedly  useful  for  realistic 
assessment  and  elimination  of  the  explosion  hazard. 
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ISOTHERMAL  DETONATION 
A.  P.  Ershov 

Lavrent’ev  Institute  of  Hydrodynamics, 

Lavrent’ev  Prosp.  15,  Novosibirsk,  630090  Russia 

In  this  paper,  detonation  with  very  high  frictional  losses  is  investigated.  At  this 
limit,  the  P  -V  diagram  retains  its  usual  form  but  assumes  a  new  meaning. 

Let  us  consider  low-velocity  detonation  in  a  porous  medium  consisting  of  fixed 
solid  combustible  particles.  The  thickness  of  the  evaporated  reacting  layers  enveloping 
the  surface  of  particles  is  negligible  as  compared  to  the  particle  size.  Conversely,  the 
reaction  zone  thickness  in  the  direction  of  wave  propagation  is  comparatively  large.  The 
burnt  layer  is  thin  and  the  gas  can  be  treated  as  ideal.  Such  a  picture  is  an  idealization 
of  the  experiments  of  [1,  2,  3]  and  the  assumptions  made  thus  far  are  close  to  those  of 

[4]. 

The  gas  density  and  pressure  sharply  increase  across  the  reaction  zone.  However, 
temperature  variations  occur  within  a  rather  narrow  range,  whicli  is  roughly  corrob¬ 
orated  by  the  correlation  T  ~  P/p.  Indeed,  in  the  case  of  the  classical  single-phase 
detonation,  heat  release  gives  rise  to  a  temperature  increase.  Conversely,  in  the  sys¬ 
tem  under  consideration  the  heating  primarily  occurs  in  thin  burning  boundary  layers, 
which  are  ignored  in  the  classical  analysis.  The  pore  space  is  filled  with  the  final  “ready- 
to-use”  combustion  products.  This  process  gives  rise  to  conditions  similar  to  those  of  a 
thermostat  in  the  reaction  zone.  Because  of  high  friction  in  the  porous  medium,  inter¬ 
nal  energy  cannot  be  converted  into  kinetic  energy,  either.  The  internal  energy  of  the 
gas  equals  the  reaction  heat  release  Q,  because  combustion  takes  place  in  a  virtually 
constant  volume.  This  determines  the  actual  value  of  temperature. 

The  accuracy  of  this  approximation  was  analyzed  in  [5].  The  temperature  variations 
have  been  found  to  amoimt  to  a  few  percent. 

One- dimensional  flow  equations  take  the  form  (the  notation  is  standard) 

dp  .  dipu)  d{pu)  d{pu^  +  P)  _  , 

--/■  (1) 

Here,  j  is  the  incoming  mass  flux  and  /  is  the  friction  force.  Instead  of  the  energy 
equation,  in  this  approximation  the  isothermal  equation  of  state  is  used,  P  —  c^p, 
where  c  is  the  isothermal  sound  velocity,  =  RT/p  =  (7  -  1)Q.  In  so  far  as  the 
burnt  layer  is  thin,  the  porosity  is  constant  and  drops  out  of  the  equations. 

For  a  steady  wave,  all  quantities  depend  on  ^  —  x  -  Dt,  where  D  is  the  wave 
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velocity.  Integration  of  Eq.  (1)  from  an  arbitrary  ^  <  0  to  the  shock  ( ^  =  0  )  gives 


p{D  -u)  =  poD  +  J, 

P  =  Po  +  F  +  pu{D  -  u), 


J  =  Jjdx, 

F  =  Jfdx. 
( 


(2) 


Here,  po  is  the  initial  gas  density  in  pores,  Po  =  clpo  (the  initial  sound  velocity  co  is 
generally  lower  than  c);  J,  P  >  0.  From  Eq.  (2),  one  obtains 

P  =  Pc  +  F  +  D{^^+J)-V(^^  +  J)\  (3) 

V  being  the  specific  volume.  The  closing  equation  takes  the  form 


Equation  (3)  is  independent  of  the  isothermal  approximation.  Given  D,  J,  and  F,  it 
defines  a  straight  line  with  a  negative  slope  on  the  {r,V)  plane,  whiui,  fui  F  iiut  too 
large,  has  two  intersection  points  with  the  hyperbola  given  by  Eq.  (4)  (Fig.  1). 

The  resemblance  between  Fig.  1  and  the  classical  picture  is  partly  superficial.  The 
straight  line  given  by  Eq.  (3)  is  not  the  Rayleigh  line  in  the  usual  sense,  because  during 
the  mass  release  the  state  of  gas  does  not  move  along  it.  More  likely,  Eq.  (3)  is  an  analog 
of  the  reacted  (in  general  partially)  Hugoniot  adiabat.  The  point  of  state  belongs  to  it 
after  certain  values  of  J  and  F  have  been  reached.  During  the  evolution,  the  points 
representing  the  state  of  gas  move  along  the  hyperbola  (4).  This  line,  though  curved, 
is  obviously  not  analogous  to  Hugoniot  (nor  to  Rayleigh)  line.  Every  possible  state 
belongs  to  Eq.  (4),  including  those  outside  the  stationary  zone. 

Nevertheless,  physically,  the  problem  is  similar  to  a  classical  one.  The  mass  influx 
J  that  supports  the  wave  propagation  is  analogous  to  the  reaction  heat  release.  This 
is  natural,  because  all  the  mass  released  carries  its  chemical  energy. 

In  the  case  of  Hugoniot  (3)  being  tangent  to  the  state  curve  (4),  it  is  easy  to  show 
that  D  -  u  =  c.  Thus,  inside  the  wave  a  Chapman-Jouguet  point  separating  sub- 
and  supersonic  flows  exists.  In  the  practically  interesting  case  J  >  c/Vo  (the  mass  of 
products  exceeds  the  initial  gas  mass).  If,  in  addition,  friction  is  the  dominant  factor, 
then  u  is  small,  and  D  ^  c. 

To  qualitatively  examine  the  structure  of  the  reaction  zone,  Eqs.  (1)  were  solved 
numerically.  The  flow  approaches  the  steady  regime.  The  corresponding  steady-state 
wave  structure  is  shown  in  Fig.  2.  The  Chapman-Jouguet  point  is  generally  inside  the 
reaction  zone.  In  the  variant  shown,  the  shock,  to  make  it  visible,  is  comparable  to  the 
subsequent  pressure  rise.  Actually,  the  shock  is  relatively  small  and  is  needed  only  to 
initiate  combustion. 


341 


ZEL’DOVICH  MEMORIAL,  12-11  September  1994 


Figure  1:  P-V  diagram.  Hi 
—  Hugoniot  intersecting  the 
state  hyperbola  5.  H2  — 
Hugoniot  tangent  to  5  .  The 
initial  state  (marked  by  ®) 
lies  generally  below  S  and 
above  H . 


Figure  2:  Computed  wave  structure.  /  = 
pu^ld  —  force,  d  —  characteristic  internal 
length  scale,  e.g.,  particle  diameter.  Mass  in¬ 
put  j{x,t)  is  defined  so  that  it  lasts  a  certain 
reaction  time  after  shock  arrival  at  given  point 
X.  P,u  —  pressure  and  velocity  profiles,  J 
—  mass  infiux.  The  J  curve  is  raised  to  show 
it  more  clearly.  The  vertical  bar  denotes  the 
Chapman- Jouguet  point.  The  bar  at  the  right 
shows  the  scale  of  sound  velocity. 


1 
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The  model  predicts  the  detonation  velocity  D  «  1/(7  -  1)Q.  This  limiting  value 
for  high  friction  was  reported  by  Mitrofanov  [6].  A  much  simpler  analysis  follows 
from  the  isothermal  approximation.  The  experimental  data  [1,  2,  3]  scatter  around 
the  theoretical  value  (about  1  km/s)  which  is  no  surprise  in  view  of  the  idealizations 
made.  High  friction  implies  low  gas  velocity,  which  makes  the  ignition  cpiestionable. 
Experiments  [1,  2,  3j  apparently  show  that  the  present  theory  is  in  line  with  reality. 

Author  is  grateful  to  V.  V.  Mitrofeinov  and  L.  A.  Luk’yanchikov  for  useful  discus¬ 
sions. 
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The  one-dimentional  model  proposed  by  Zel’dovich  [1,  2],  von  Neumann  [3]  and 
Boring  [4],  known  as  ZND  model,  has  made  it  possible  to  take  into  consideration  the 
chemical  kinetics  and  heat  losses  from  the  induction  and  reaction  zones.  It  has  con¬ 
tributed  to  stimulate  numerous  studies  in  this  field  of  research.  However,  the  structure 
of  the  detonation  front  is  three-dimensional,  with  transverse  waves  and  nonhomoge- 
neous  regions  leading  to  the  complex  pattern  of  cells  visible  on  smoked  records. 

A  closed  two-dimensional  model  (called  VN  model)  with  a  regular  cell  structure 
has  been  proposed  by  Vasil’ev  and  Nikolaev  [5-6]  for  gaseous  detonation  propagation 
in  a  flat  channel.  The  calculated  cell  dimensions  correspond  satisfactorily  to  the  exper¬ 
imental  values  for  hydrogen  or  light  hydrocarbon  mixtures  with  oxygen  [5-7]. 

In  the  present  work,  a  theoretical  study  of  gas  detonation  in  unsymmetrical  dimethyl- 
hydrazine  (UDMH)/oxygen/argon  mixtures  was  carried  out  to  calculate  the  cell  size, 
using  the  VN  model.  The  results  were  compared  with  experimental  data. 

In  the  VN  model,  the  processes  inside  the  cell  originate  from  cylindrical  explosion  of 
diameter  r,  similarly  to  a  point  cylindrical  explosion  (Fig.  1).  They  manifest  themselves 
by  a  velocity  decrease  from  the  apex  to  the  cell  end,  as  shown  by  Dormal  et  ai  [8].  The 
detonation  velocity  D  along  the  cell  length  depends  on  the  gas  density  po  ^nd  energy 
El  per  unit  length: 


1 

2r\l  po 


with  E;  =  —  -f  SpoQT^  {  r^ 
a  \ 
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Figure  1:  Schematic  of  an  elementary  detonation  cell  [6]. 


where  r  is  the  distance  from  the  explosion  point.  The  first  term  of  Ei  is  the  energy 
released  by  the  microexplosion  {Eq/u)  where  a  s;  1  and  Eo  =  m-fe  -  !)>  where 
Pz  and  7e  are  the  pressure  and  the  specific  heat  ratio  of  the  detonation  products  in  the 
microexplosion  cylinder  of  diameter  r.  The  second  term  is  the  energy  released  during 
the  shock/reaction  zone  coupling,  with  q  being  the  specific  reaction  heat  release  and 
/3  =  ADl;j(qir.  The  third  one  is  the  energy  that  is  not  released  because  of  the  shock  - 
reaction  zone  decoupling. 

In  order  to  calculate  the  nondimensional  characteristics  of  the  detonation  cell,  we 
have  to  introduce  some  nondimer  «'onal  variables  and  parameters  (normalized  by  the 
cell  length  b,  the  period  of  the  cell  =  b/Dcj,  or  the  Chapman- Jouguet  velocity 

Dcj): 

_r  _  T  Eo  .  i  p  D 

^-b'  ^~2b'  "~ADljpob^a'  “"<2’  ‘‘~Dcj' 

Thus, 


The  integration  of  Eq.  (1)  leads  to  the  following  expression,  where  x  =  r^/b  and  is 
the  distance  at  time  tx  between  the  explosion  and  the  decoupling: 


9  /~1^  \/e  +  _  2,2  _  _  ^2  =  0, 

2ve  +  ^ 
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Figure  2:  Calculated  cell  shape  for  CJ  detonation  Macli  number  Mcj  =  6  and  average 
experimental  Mach  number  M^xp  =  (a  and  b  are  the  nondimensional  width  and 
length  of  the  cell). 

-  n  f'^'i 

4Z?^,poa(7e  -  1)  '  '  ^  ^ 

To  calculate  the  nondimensional  characteristics  of  the  detonation  cell,  Eq.  (2)  has  to  be 
solved  for  various  values  of  a:  (0  <  a:  <  1)  using  Newton’s  method  and  the  values  of  Dcj, 
Dexpt  7)  and  7e  to  find  out  a:,  y,  and  e.  Using  these  values,  one  can  calculate  all  the  cell 
characteristics  and  verify  Eq.  (3).  A  software  program  was  written  in  the  laboratory 
to  solve  Eqs.  (2)  and  (3)  and  calculate  the  variation  of  the  nondimensional  velocity 
DjDcj  along  the  cell.  Using  the  triple  point  coordinates  and  the  transverse 

shock  velocity  Di  =  dp/dt,  it  is  also  possible  to  determine  the  trajectories  of  triple 
points  and  the  ratio  d  =  a/b  of  the  width  to  the  length  of  cell,  as  shown  in  Fig.  2. 

The  dimensional  parameters  of  the  detonation  cell  are  calculated  using  the 
following  expression  given  by  Vasil’ev  and  Nikolaev  from  the  decoupling  point: 


£2  ,  “^2  ,  *•*■1 
_  [  dt  _  /  f 

~  j  Ti'j  Wi'  J 


where  tj  is  the  delay  time  of  the  explosion  reaction. 

By  analogy  with  Vasil’ev-Nikolaev  formula,  6  can  be  written  as  b 

5  ~  ^  t 


1  /  ft+v  Al. 

Jx  Dt,’ 
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Figure  3;  Detonation  cell  width  for  different  UDMH/402/Ar  mixtures  versus  initial 
pressure.  Closed  symbols  correspond  to  experiments,  open  symbols  to  calculations  by 
VN  model. 

If  the  temperature  and  density  are  assumed  to  be  constant  in  the  induction  zone,  then 
the  delay  time,  determined  from  shock  tube  data  [9],  is 

ti  =  A(UDMHr[02]"[Arf  exp  . 

It  follows  that 

p  V -014  /i2900\ 

Rt)  l"T-j  ’ 

where  Dexp  is  the  experimental  detonation  velocity,  m,  n,  and  p  are  coefficients,  0  = 
12960  K  is  the  activation  temperature,  A  ^  10~®  (mohm"®)°'‘*‘‘s“'  is  a  constant,  [. . .] 
are  the  reactant  concentrations,  X,  Y,  Z  are  the  reactant  molar  fractions,  and  P  and 
T  are  the  von  Neumann  pressure  and  temperature.  All  the  terms  are  given  in  SI  units 
Figure  3  shows  a  comparison  between  the  cell  width  as  measured  by  soot  records 
and  its  value  determined  from  the  above  expression,  with  a  =  ba.  A  better  agreement 
is  obtained  for  the  mixtures  diluted  with  argon. 

The  theoretical  method  of  Vasil’ev  and  Nikolaev  provides  an  interesting  means  of 
calculating  the  detonation  cell  size  of  a  given  mixture,  providing  that  the  overall  kinetics 
of  the  explosive  reaction  is  known. 


D 


exp 


(l  +  y-x)  T 


12900  442^0.94 
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ON  PLANE  DETONATION  WAVE  INITIATION  AND 
PROPAGATION  IN  SOLID  HIGH  EXPLOSIVES:  THE  RESULTS 
OF  ELECTRICAL  MEASUREMENTS 
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This  paper  presents  measurement  results  for  shock  initiation  and  propagation  of  a 
plane  detonation  wave  (DW)  in  cast  TNT  and  four  highly  compacted  formulations: 
HEl  (70%  RDX  plus  a  TNT-based  explosive),  HE2  (90%  HMX  plus  a  TNT-based 
explosive),  HE3  (94%  HMX  plus  an  inert  teflon-based  additive),  and  HE4  (90%  TATB 
plus  an  inert  teflon-based  additive). 
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HE4  HE4 


Figure  2:  The  oscilloscope  records  of  manganin  gage  (a),  (b)  and  capacitive  gage  (c). 
The  pressure  values  in  oscilloscope  records  are  given  in  GPa. 
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In  a  nanosecond- resolution  study  of  DW  pressure  profiles,  the 

shock  velocity  through  the  HE-package  (a  stack  of  10  mm  x  10  mm  x  0.1  mm 
aliiminium  plates  and  HE)  'vas  measured  within  1  to  2%  accuracy  [1]. 

Figure  la  shows  the  shock  velocity  as  a  function  of  the  distance  X  to  the  HE-package 
where  the  self-sustained  DW  emerged. 

Figure  lb  presents  the  oscilloscope  records  of  DW  pressure  profiles  obtained  using 
a  manganin  gage  introduced  into  teflon  at  the  distance  from  HE  0.2  mm  [2]. 

The  DW  front  tilting  in  HE3  and  HE4  containing  inert  additives  is  indicated  by  the 
underrated  reverberation  peak  of  the  gage  signal.  For  cast  TNT  amd  HE4  having  large 
critical  diameters,  a  further  pressure  decrease  behind  the  DW  front  starting  at  about 
~  100  ns  is  observed. 

The  rarefaction  pulse  as  shown  by  the  oscilloscope  records  results  from  the  gap 
around  the  gage,  which  is  filled  v.'ith  a  low-density  material. 

No  marked  pressure  decrease  within  about  ~  10  ns  behind  the  DW  front  and  tilted 
DW  front  in  HE  having  inert  additives  indicate  the  HE  decomposition  in  the  DW  front 
in  about  ~  1  ns  or  less. 

Figure  2a  shows  oscilloscope  records  of  the  pressure  profiles  of  the  initial  shock 
wave  (SW)  and  the  preceding  DW  generated  in  5  mm  and  6  mm  thick  HE4  plates, 
respectively,  with  the  SW  entering  these  at  pressure  Po  =  19.3  GPa.  The  gage  was 
introduced  into  teflon  at  the  distance  from  HE  0.2  mm. 

The  HE  decomposition  rate  and  shock  compressibility  are  determined  using  the 
gage  positioned  on  the  side  of  the  HE  plate  through  which  the  shock  enters.  The 
relevant  oscilloscope  record  for  HE4  experiment  at  Pq  =  31.8  GPa  is  given  in  Fig.  2b. 
The  delay  in  HE  decomposition  is  observed  to  be  1 5  ns,  and  the  teflon  and  HE4  shock 
compressibilities  at  Pq  =  31.8  GPa  are  nearly  equal  to  one  another.  As  suggested  by 
this  experimental  observations,  the  HE  conditions  behind  the  shock  and  DW  fronts 
differ  in  terms  of  pressure  vs.  volume  dependence. 

The  capacitive  gage  technique  [3]  was  first  used  to  measure  the  velocities  of  initial 
SW  and  then  DW  in  the  HE  plate  serving  as  the  gage  dielectric.  The  oscilloscope 
records  for  two  HE2  experiments  are  given  in  Fig.  2c.  Clearly,  at  the  time  the  DW  is 
generated,  the  wave  amplitude  increases  abruptly,  as  in  the  case  of  homogeneous  HE. 
This  is  an  evidence  against  significant  '‘hot-spot”  contribution  to  the  DW  propagation. 
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1  Introduction 

■  The  objective  of  this  communication  is  to  demonstrate  the  possibihty  of  self  sus¬ 
taining  combustion  waves  in  porous  media,  whose  propagation  is  controlled  not  by  heat 
and  mass  diftusivities  but  rather  by  the  adiabatic  compression.  The  latter  is  in  turn 
maintained  by  the  energy  release  provided  by  the  chemical  reaction.  The  phenomenon 
is  quite  analogous  to  the  classical  detonation  occurring  in  gaseous  combustion  in  open 
system.  In  contrast  to  the  conventional  detonation,  however,  in  the  case  of  porous 
medium  the  reaction  wave  spreads  at  a  subsonic  speed  controlled  by  the  viscous  fric¬ 
tion. 

2  Mathematical  Model 

In  studies  of  premixed  gas  flames  in  an  open  space  one  usually  disregards  the  pres¬ 
sure  perturbations,  since  the  flame  propagation  speed  is  significantly  lower  then  the 
speed  of  sound.  From  the  modelling  aspect  this  is  straighforward  consequence  of  the 
fact  that  the  pressure  waves  are  governed  by  the  acoustic  wave  equations,  whilst  com¬ 
bustion  waves  are  discribed  by  parabolic  equation  for  thermal  diffusion.  In  porous 
media,  on  the  contrary,  the  pressure  waves  are  governed  by  the  parabolic  equation  for 
barodiffusion  associated  with  low  Reynolds  number  creeping  flows. 

The  porous  media  hydrodynamics  is  generally  described  in  the  framework  of  the 
two-temperature  model.  However,  if  the  relaxation  time  of  pressure  is  much  longer 
then  that  of  temperature  the  two-phase  media  may  be  safely  described  by  a  single- 
temperature  model.  These  conditions  indeed  hold  in  many  realistic  gas-soUd  system 
such  as  soils,  sponges,  foams  [1]. 

For  modelling  purpose  the  porous  media  may  be  looselj  regarded  as  a  bundle  of 
capillaries  that  are  fused  together  or  a  honeycomb  of  holes.  Due  to  the  quasi-periodic 
nature  of  such  a  system  each  of  capillaries  may  well  be  regarded  as  thermally  insulated 
from  its  neighbours.  In  his  sense  the  fdtration  combustion  may  be  modeled  as  a  flame 
propagation  through  an  adiabatic  capillaiy. 

Let  Pf  pg,  p,,  be  densities  of  the  porous  media  and  its  gaseous  and  solid  phases, 
correspondingly.  Similarly  A,  A^,  A,  are  the  heat  conductivities;  c,  Cg,  c,  are  the  heat 
capacities  (specific  heats),  a^,  q,  are  volumetric  fractions  of  gaseous  and  solid  phases. 
Hence 

pc  (XgPgCg  T  CX  y  P  gC  g  ,  (l) 
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X  -  OCgXg  “1“  eC*Xg,  ^2) 

If  the  skeleton  (solid  phase)  has  a  low  heat  capacity  and  a  low  volumetric  fraction  the 
relations  (1),  (2)  are  simplified  to 

pc  ~  agPgCg,  A  ~  UgXg,  P  ~  UgPg.  (S) 

In  order  to  elucidate  the  impact  of  barodiffusion  the  thermal  and  molecular  diffusivities 
Dthi  Dmol  are  regarded  as  negligibly  small  compared  to  the  barodiffusivity  Di.  This 
limit  is  quite  consistent  with  numerical  estimates  (see  4.2). 


In  light  of  the  above  assumptions  the  system  of  governing  equations  reads  as  follows. 
Energy  equation: 


cp 

(dT  dT\ 

(4) 

Concentration  equation: 

'dC  dC\ 

(5) 

Momentum  equation: 

KdP 

pu  ~ - 

U  ox. 

(6) 

Continuity  equation: 

^  +  ^  =  0 
dt  dx 

(7) 

State  equation: 

P  =  (cp  —  c„)pT. 

(8) 

Chemical  kinetics  equation: 

=  2,Cexp(-;|,). 

(9) 

Equations  (4)-(7)  are  written  in  the  frame  of  references  attached  to  the  skeleton. 
u  is  the  gas  velocity  relative  to  the  skeleton.  C  is  the  concentration  of  the  deficient 
reactant  controlling  the  termination  of  the  reaction,  W  is  the  chemical  reaction  rate,  v 
is  the  kinematic  viscosity  of  the  gas,  K  is  the  permeability  of  the  porous  medium,  Z  is 
the  frequency  factor,  E  is  the  activation  energy,  R  is  the  universal  gas  constant,  Q  is 
the  heat  release.  Other  notations  are  conventional  . 

The  model  (4)-(9)  is  similar  to  that  discussed  in  [2],  (3)  where,  however,  effects  due 
to  central  to  the  present  study,  were  omitted. 

3  Travelling  wave  solution 

The  solution  of  the  system  (4)-(9)  is  sought  in  the  form  of  a  travelling  wave  moving 
at  a  speed  V  from  left  to  right. 
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Introduce  the  following  reference  parameters:  a  =  ~  c„)To,  (here  7  =  Cp/c„, 

a  —  speed  of  sound  in  fresh  mixture);  Dh  =  Ka^ I 'yi/  —  barodiffusivity;  TJ,  =  T’(-oo) 
—  the  adiabatic  temperature  of  combustion  products. 

Similar  to  the  classical  theory  of  Zel’dovich  and  Prank-Kamenetsky,  the  flame  speed 
appears  to  be  pro^^ortional  to  the  square  root  of  the  transport  coefficient.  In  the 
present  situation  it  is  barodiffusivity  rather  then  thermal  diffusivity  as  happens  in 
freely  propagation  flame  [4],  i.e. 


The  relation  (10)  permits  making  a  quantative  estimate  of  the  filtration  combustion 
speed  V  compared  with  that  of  a  freely  propagating  flame  Vo  of  the  same  premixture 
and  initial  conditions 


Since  Db  >  Dth  and  T;,  >  (a  >  A  +  1)  the  enhancement  of  the  flame  speed  due 
to  viscous  friction  maj  be  rather  significant.  For  a  typical  set  of  parameters:  7  =  1.4; 
a  =  300  m/s;  To  =  300  K;  =  1500  K  (a  =  5.65,  U  =  1695  K);  Dth  =  i'^  2.5  •  lO"® 
m^/s;  K  =  10~*^-10"®  (clean  sand  [6])  one  obtains 

Df,  =  3.2  ■  10"^  -  3.2  mVs,  F/Vi,  ~  35-1131.  (12) 

Thus,  depending  on  the  permeability  of  the  skeleton  the  filtration  combustion  speed 
may  well  reach  the  level  of  sound  speed  in  open  space  a. 

Laevsky  and  Babkin  report  [3]  an  increase  in  the  methane-air  flame  speed  from  0.3 
m/  ec  for  open  space  to  3  ra/s  in  porous  media.  High  flame  speeds  in  the  range  400 
m/s  -  1.100  m/s  were  observed  by  Mitrofanov  [6]  in  filtration  combustion  through  sand 
and  sandstone. 
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The  planar  steady  detonation  postulated  by  Zel’dovich,  von  Neumann  and  Doering 
consists  of  an  inert  shock  wave  followed  by  a  reaction  zone.  This  classical  model  is 
based  on  the  fact  that  a  rapid  chemical  reaction  can  take  place  in  the  reactive  mixture 
heated  and  compressed  by  the  leading  shock  wave  [l].  For  ordinary  reactive  mixtures, 
the  Mach  number  of  the  detonation  front  ranges  from  4  to  6,  the  leading  shock  is 
strong  enough  to  heat  the  initial  mixture  to  a  high  temperature  (1200  -  2000  K)  and 
cause  rapid  self-ignition.  The  one- dimensional  ZND  structure  seems  to  be  perfectly 
self-sufficient  in  the  sense  that  it  provides  the  propagation  mechanism  of  auto-ignition 
via  adiabatic  shock  heating. 

Although  the  propagating  planar  detonation  becomes  unstable  when  the  activation 
energy  E  is  larger  than  a  critical  value  Ed,  direct  numerical  simulations  of  planar 
time-dependent  detonations  presented  in  the  literature  also  seem  to  support  the  auto¬ 
ignition  mechanism.  Typically,  two  types  of  planar  detonation  propagation  modes  have 
been  reported  ([2-4]  and  the  references  given  therein); 

(i)  when  E  <  a  steady  planar  ZND  detonation  is  obtained, 

(ii)  when  E  >  Ed,  periodic  oscillations  appear  in  the  propagation  of  detonations. 

The  existing  numerical  results  show  that,  even  in  case  (ii),  the  average  velocity  is 
equal  to  that  given  by  ZND  model  and  the  chemical  reaction  is  essentially  due  to  the 
auto-ignition  caused  by  the  leading  shock. 
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However,  the  existing  numerical  simulations  have  been  limited  to  a  range  of  mod¬ 
erate  values  of  activation  energy  10  <  E/RTq  <  30,  where  To  is  the  temperature  of  the 
initial  reactive  mixture  and  R  is  the  gas  constant.  These  values  are  only  representative 
of  a  very  few  sensitive  reactive  mixtures  such  as  C2H2-O2  or  H2-O2  mixtures  highly 
diluted  with  argon.  For  fuel-air  mixtures,  the  parameter  EjRTo  characterizing  the 
global  sensitivity  of  the  chemical  reaction  to  temperature  is  much  larger,  in  particu¬ 
lar,  when  the  detonability  conditions  are  approached.  One  important  problem  is  to 
know  how  the  planar  detonation  propagates  when  the  chemical  reaction  rate  strongly 
depends  on  temperature.  Understanding  of  the  propagation  mechanism  of  the  planar 
detonation  will  undoubtedly  help  us  to  elucidate  the  propagation  mechanism  of  the 
multidimensional  detonation  front  and  the  mechanism  controlling  the  direct  initiation 
of  detonation. 

In  this  short  paper,  a  theoretical  study  is  reported  on  the  propagation  of  the  planar 
detonation  with  relatively  large  values  of  activation  energy  to  answer  the  basic  ques¬ 
tion  regarding  whether  transverse  waves  are  absolutely  essential  to  the  propagation  of 
detonation  [5].  It  will  be  shown  that  there  exists  a  second  critical  value  for  the  reduced 
activation  energy  E^  (>  E^i)  above  which  the  propagation  of  planar  detonation  via 
auto-ignition  becomes  impossible. 

In  order  to  demonstrate  the  basic  mechanisms  of  the  new  phenomenon,  we  limited 
our  attention  to  the  planar  geometry  and  to  a  minimum  model  based  on  a  one-step 
chemical  reaction  governed  by  the  Arrhenius  law.  A  stability  analysis  was  first  per¬ 
formed.  The  results  obtained  show  that  in  the  unstable  case  {E  >  E^i)  the  frequency 
of  the  first  mode  decreases  when  E  increases  and  is  equal  to  zero  at  the  second  critical 
value  Ec2- 

Numerical  simulations  were  then  performed  for  three  typical  modes  of  for  the 
propagation  of  planar  detonations:  piston-supported  overdriven  detonations,  piston- 
supported  Chapman-Jouguet  (CJ)  detonation  and  the  direct  initiation  of  detonations 
by  a  strong  blast  wave.  All  numerical  results  obtained  for  these  three  different  situ¬ 
ations  show  a  common  feature:  due  to  the  hydrodynamic  instability  effect,  the  one¬ 
dimensional  detonation  cannot  propagate  via  auto-ignition  mechanism  when  the  acti¬ 
vation  energy  is  larger  than  a  critical  value. 

Only  the  results  on  piston-supported  CJ  detonations  are  presented  here.  Figures  1  a- 
d  shov,'  the  pressure  history  at  the  Neumann  spike  for  four  different  values  of  the  reduced 
activation  energy:  EIRTq  =  25,  27,  31  and  35;  the  specific  heat  ratio  and  the  heat 
release  parameter  Q  are  fixed  (7  =  1.2  and  QfRTo  =  50).  The  numerical  simulation 
started  with  the  corresponding  steady  ZND  profiles.  For  the  sake  of  comparison,  the 
exact  solution  for  the  steady  ZND  detonation  is  also  shown  in  these  figures.  These 
numerical  results  show  four  typical  cases  of  the  propagation  of  the  planar  detonation: 

•  The  propagating  detonation  is  stable  (Fig.  la),  which  is  the  case  when  E  <  E^', 

•  Regular  oscillations  appear  in  the  propagation  of  detonation  when  E  is  slightly 
above  the  stability  limit  (  Fig.  lb); 
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Figure  1:  Pressure  at  the  Neumann  spike  as  a  function  of  time.  a.  EjETo  =  25,  b. 
EjRTo  =  27,  c.  E/RTo  =  31,  d.  E/RTo  =  35. 


•  Irregular  oscillations  appear  in  the  propagation  of  detonation  when  E  is  slightly 
below  the  second  critical  value  Ec2  (Fig.  Ic).  Note  that  the  amplitude  of  the 
oscillations  increases  when  the  activation  energy  increases.  In  Fig.  Ic  the  mini¬ 
mum  pressure  is  about  23,  which  is  much  lower  than  the  Neumann  pressure  of 
the  steady  CJ  detonation,  which  is  42; 

•  The  planar  detonation  cannot  propagate  and  a  self-extinction  phenomenon  can 
be  observed  when  E  >  Ec2  (Fig.  Id).  The  pressure  first  increases  until  t  =  7.5  and 
then  the  pressure  decreases  suddenly  top  =  17.9.  The  temperature  in  the  mixture 
just  behind  the  shock  is  2.53.  The  chemical  induction  time  immediately  behind 
the  leading  shock  is  about  500  times  larger  than  that  in  the  steady  CJ  detonation. 
Figure  2  shows  the  trajectories  of  the  leading  shock  and  the  “reaction  zone”  for 
this  case.  Since  the  velocity  of  the  leading  shock  is  larger  than  the  velocity  of 
the  reaction  front,  the  distance  between  the  leading  shock  and  the  reaction  zone 
becomes  larger  and  larger.  In  fact,  the  velocity  of  the  reaction  front  is  equal 
to  the  local  gas  velocity,  and  the  reaction  interface  is  only  convected  passively 
by  the  gas  flow  behind  the  shock.  The  intensity  of  the  propagating  shock  is 
supported  by  the  gas  flow  behind  the  front,  while  the  slow  chemical  reaction  does 
not  contribute  to  the  propagation  of  the  shock.  It  should  be  pointed  out  that, 
in  our  numerical  simulations,  the  molecular  transport  effects  were  neglected.  If 
the  molecular  transport  effects  were  taken  into  account,  we  would  have  been  able 
to  observe  diffusion- controlled  laminar  flame  propagation,  but  the  slow  laminar 
flame  could  not  have  strengthened  the  leading  shock. 
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Figure  2:  Trajectories  of  the  shock  and  of  the  reaction  front  for  Ej RTq  -  35. 


In  conclusion,  this  study  demonstrates  clearly  that,  due  to  the  hydrodynamic  insta¬ 
bility  effect,  the  planar  detonation  cannot  propagate  via  the  auto-ignition  mechanism 
when  the  activation  energy  is  larger  than  the  critical  value.  In  a  tube,  transverse  waves 
are  necessary  for  the  successful  propagation  of  detonation  [5].  Future  investigations 
using  a  two-dimensional  model  are  needed  to  deal  with  the  re-ignition  problem  and  to 
identify  the  mechanism  of  propagation  of  detonations  in  a  tube. 
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^-1  explosive  systems  with  nonmonotonic  in  time  heat  release,  multiple  detonation 
regimes  may  exist  [1-3].  The  total  number  of  possible  detonation  regimes  is  odd.  If  the 
detonation  mode  is  unique,  it  is  stable.  If  there  exist  several  detonation  modes,  the  odd 
ones  are  stable  with  respect  to  infinitesimal  perturbations  (these  regimes  correspond  to 
local  maxima  of  heat  release)  and  the  intermediate  even  ones  are  unstable.  As  a  result, 
detonation  waves  propagating  at  the  highest  and  lowest  velocities  are  stable.  Namely, 
in  the  case  of  one  maximum  of  heat  release  downstream  of  the  shock  front,  this  theory 
predicts  the  existence  of  stable  “normal”  and  “low”  velocity  detonations  along  with 
unstable  intermediate  detonation  regime. 

Heat  release  in  two-phase  hybrid  mixtures  is  generally  nonmonotonic  because  it 
is  due  to  fast  decomposition  of  gaseous  explosive  and  slower  burning  of  particles  or 
droplets.  However,  for  mixtures  of  this  kind  a  discrepancy  in  the  number  of  solutions 
with  the  predictions  of  theory  of  nonideal  detonations  has  been  demonstrated  recently 
[4].  In  particular,  in  some  particle  concentration  ranges  two  stable  detonation  modes 
were  found  but  without  the  intermediate  unstable  one  (stability  being  considered  with 
respect  to  infinitesimal  perturbations).  The  same  problem  exists  for  detonations  of 
cryogenic  hydrogen-oxygen  mixtures  [5].  The  analysis  of  steady  detonation  problem 
for  two-phase  hybrid  mixtures  shows  that  the  detonation  mode  with  higher  velocity 
corresponds  to  the  case  when  both  gaseous  explosive  and  particles  contribute  their 
chemical  energy  to  the  detonation  wave  (below  this  velocity,  regime  is  referred  to  as 
single-front  detonation,  SFD,  to  distinguish  it  from  the  double-front  detonation  struc¬ 
ture).  The  solution  with  lower  velocity  describes  the  so-called  pseudo-gas  detonation 
(PGD)  wave  in  which  particles  remain  inert  upstream  of  the  Chapman-Jouguet  plane. 

Here,  we  used  unsteady  one- dimensional  code  to  analyze  detonation  development 
and  stability  of  detonation  waves  in  the  hybrid  mixtures  studied  previously  using  the 
steady  ZND  model  [4].  In  the  numerical  experiments,  a  point  explosion  was  used  to 
initiate  the  hybrid  mixture  filling  a  shock  tube. 

The  PGD  wave  formed  quite  rapidly  due  to  the  high  reactivity  of  the  gaseous 
explosive  and  propagated  steadily  over  long  distances.  Secondary  compression  waves 
are  formed  behind  the  PGD  wave,  due  to  the  reaction  between  aluminum  particles 
and  gaseous  detonation  products.  In  the  same  particle  concentration  range  where 
the  steady  analysis  [4]  had  predicted  the  existence  of  two  stable  detonation  modes, 
the  evolution  of  the  compression  waves  led  to  the  formation  of  a  secondary  shock 
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that  rapidly  overtakes  the  leading  PGD  wave,  and  then  the  transition  to  steady  SFD 
occured,  i.e.,  the  PGD  wave  cannot  propagate  steadily  over  infinitely  large  distances 
when  both  detonation  regimes  are  possible.  Thus,  the  PGD  is  not  stable  because  it 
is  influenced  by  flnite  perturbations.  However,  this  effect  cannot  be  predicted  on  the 
basis  of  the  classical  steady  ZND  model.  From  an  other  point  of  view,  if  the  PGD  is 
recognized  as  unsteady  detonation  mode,  then  the  aforementioned  problem  concerning 
the  multiplicity  of  detonation  regimes  in  two-phase  mixtures  is  eliminated. 

The  run  distance  to  the  point  where  the  transition  from  PGD  to  SFD  occurs  de¬ 
pends  on  the  reactivity  of  particles  and  increases  with  the  particle  size.  The  dependence 
of  Xtr  on  the  particle  concentration  goes  through  a  minimum  near  the  stoichiometric 
concentration  of  aluminum  particles  in  the  hybrid  mixture.  Besides,  Xtr  decreases  as 
the  point  explosion  energy  increases. 

The  mechanism  and  hazard  of  low-velocity  detonations  predicted  by  the  unsteady 
model  is  also  discnssed. 
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Critical  diameter  measurements  were  performed  on  unconfined  cylindrical  charges 
of  nitromethane  (NM)  sensitized  with  15%,  10%,  and  5%  diethylenetriamine  (DETA) 
which  was  then  introduced  into  a  porous  medium  consisting  of  a  packed  bed  of  glass 
beads  [1,2].  The  bead  diameter  was  systematically  varied  from  66  /im  to  2.4  mm,  and 
the  volume  fraction  of  the  liquid  inside  the  explosive  mixture  remained  constant  at 
approximately  40%.  The  variation  of  the  critical  diameter  with  bead  size  shows  three 
regions  of  behavior  (Fig.  1).  For  bead  sizes  above  approximately  1  mm,  the  critical 
diameter  decreases  with  increasing  bead  size.  For  bead  sizes  below  approximately 
0.7  mm,  the  trend  is  reversed  and  the  critical  diameter  decreases  with  decreasing  bead 
size.  In  the  region  between  0.7  mm  and  1  mm  where  the  changeover  occurs,  there 
appears  to  be  a  sharp  increase  in  the  mixture  sensitivity,  as  indicated  by  the  increase 
in  critical  diameter.  Velocity  measurements  of  the  detonation  propagation  along  the 
charge  show  different  velocities  in  the  region  above  1  mm  and  the  region  below  0.7  mm, 
further  lending  support  to  the  proposition  of  different  propagation  mechanisms  for 
larger  beads  and  for  smaller  beads  [Ij.  Reducing  the  amount  of  DETA  in  the  explosive 
to  10%  was  found  to  have  a  different  effect  in  the  large  bead  region  (above  1  mm),  as 
compared  with  the  small  bead  region  (below  0.7  mm).  The  sensitivity  of  a  homogeneous 
mixture  of  NM  and  DETA  decreases  only  slightly  from  15%  to  10%  [2-4].  In  the  glass 
bead  mixture,  however,  the  critical  diameter  increases  by  more  than  two  times  near 
the  changeover  region  («  1.5  mm)  but  remains  almost  the  same  for  the  largest  bead 
size  tried  (2.4  mm)  (Fig.  2).  In  the  small  bead  region,  reducing  the  amount  of  DETA 
causes  an  increase  in  the  sensitivity  of  the  heterogeneous  mixture,  as  can  be  seen  by 
the  decrease  in  the  critical  diameter. 

In  previous  studies  involving  glass  micro-balloons  (GMB)  and  solid  particles  in  pure 
NM  [5-8],  the  principal  effect  of  the  inert  particles  was  the  sensitization  of  the  micron 
range  and  the  volume  fraction  of  the  particles  was  generally  low,  except  the  GMB  study 
[5].  In  the  present  work,  the  critical  diameter  of  the  sensitized  NM  and  the  diameter 
of  the  beads  overlap,  thus  revealing  a  different  set  of  propagation  mechanisms.  In  the 
large  beads,  the  increase  of  the  critical  diameter  with  decreasing  bead  size  may  be 
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Figure  1:  The  propagation  or  failure  of  detonations  for  cylindrical  unconfined  charges 
of  different  diameter  with  an  explosive  mixttire  of  NM  sensitized  with  15%  DETA  (by 
weight)  in  packed  glass  beads  of  various  sizes.  The  critical  diameter  dependence  on 
bead  size  is  shown. 
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Figure  2:  The  dependence  of  critical  or  failure  diameter  on  bead  size  for  mixtures  of 
NM  with  10%  and  15%  DbTA  (by  weight)  inside  packed  glass  beads  of  different  sizes. 
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explained  by  the  stronger  local  diffraction  of  the  detonation  around  the  beads  as  their 
size  decreases.  This  local  cooling  by  diffraction  facilitates  the  overall  failure  of  the 
detonation  wave,  hence  the  increase  of  the  critical  diameter  with  decreasing  bead  size. 
In  the  small  beads,  local  propagation  of  the  detonation  through  the  inter-bead  pores 
is  no  longer  possible  and  the  propagation  shifts  to  a  global  mechanism  through  the 
bead-liquid  mixture.  The  failure  might  thus  depend  on  shock  attenuation  through  the 
porous  medium  resulting  in  an  increase  in  the  induction  zone  and  the  curvature  of  the 
front. 
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The  initiation  of  detonation  requires  the  presence  of  a  rather  strong  shock  wave  by 
which  the  combustible  gas  mixture  is  heated  to  the  ignition  point,  after  which  it  burns 
in  a  narrow  zone  adjacent  to  the  shock.  One  of  the  means  of  shock  wave  initiation 
is  a  point  energy  release  [1].  For  example,  a  shock  ware  can  be  obtained  by  setting 
off  a  condensed  explosive  charge,  by  means  of  an  electric  discharge  [2],  a  laser  spark, 
an  exploding  wire,  a  moving  piston,  etc.  No  matter  how  the  energy  is  supplied,  if  it 
is  too  low,  detonation  will  not  be  possible.  In  a  gas,  detonation  will  be  impossible  if 
conditions  favoring  ignition  of  the  gas  are  not  created  immediately  behind  the  shock 
wave.  Moreover,  even  if  the  wave  is  sufficiently  strong  to  ignite  the  gas  behind  it, 
detonation  will  not  necessarily  be  initiated.  Whether  detonation  should  take  place  or 
not  will  Jepend  on  the  structure  of  the  gas  flow  behind  the  shock  wave  and  its  effect 
on  the  mechanism  of  the  chemical  reactions,  as  well  as  on  the  effect  of  the  heat  release 
on  the  flow  dynamics.  Thus,  when  the  externally  supplied  energy  is  relatively  small, 
the  induction  period  sharply  increases  and  the  ignition  zone  rapidly  falls  l>ehind  the 
shock  wave,  due  to  the  presence  of  a  strong  rarefaction  wave  behind  the  shock  wave. 
Starting  from  some  critical  value  of  the  energy  released,  detonation  is  observed. 

This  paper  presents  some  results  on  direct  initiation  of  plane  and  cylindrical  deto¬ 
nation  waves  in  a  hydrogen-oxygen  mixture  diluted  with  nitrogen,  using  an  exploding 
copper  wire  or  a  moving  piston,  and  in  a  hydrogen-air  mixture,  using  a  spherical  charge 
of  condensed  explosive.  Also,  the  onset  of  detonation  in  subcritical  case  due  to  a  finite¬ 
time  interaction  of  a  decaying  wave  with  a  hard  cover  is  investigated. 

1  Initiation  of  Detonation  by  a  Moving  Piston 

In  a  quiescent  homogeneous  hydrogen-oxygen  mixture,  starting  from  the  moment 
t  —  0,  let  a  piston  travels  at  the  constant  velocity  Vp  for  time  T,  after  which  it  stops. 
If  Vp  and  T  are  large  enough,  then  the  strong  shock  wave  formed  in  front  of  the  piston 
will  ignite  the  combustible  mixture  and  a  flow  with  a  detonation  wave  will  be  formed. 
Otherwise,  detonation  will  not  take  place,  and  after  the  piston  stops  the  shock  wave 
will  decay  with  time. 

The  set  of  equations  for  a  perfect  gas  flow  with  plane,  cylindrical,  and  spherical 
waves  was  used.  Nine  reversible  elementary  reactions  were  used  to  model  hydrogen 
oxidation  [3]. 
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The  equations  of  gas  dynamics  were  solved  simultaneously  with  the  equations  of 
chemical  kinetics  by  a  finite- difference  method  based  on  the  Godunov  scheme  with  a 
moving  difference  grid  and  explicit  separation  of  the  forward  shock  from  the  contact 
surface  between  the  vapor  and  the  gaseous  combustion  products  for  the  case  of  initiation 
by  an  exploding  wire  or  by  a  condensed  explosi'  e. 

Computations  for  the  initial  values  P  =  10®  Pa,  T  =  300  K  and  the  molar  fractions 

=  0.232,  T-oj  =  0.116  and  =  0.652  showed  that  a  piston  travelling  at  a  velocity 
greater  than  the  velocity  of  the  gas  behind  the  leading  shock,  which  propagated  at 
the  Chapman-Jouguet  velocity,  initiated  a  pulsating  detonation  wave.  The  numerical 
results  show  that  the  sharp  changes  in  the  parameters  and  the  explosive  growth  of 
pisssure  and  temperature  behind  the  shock  front  occur  in  a  time  much  shorter  than 
the  mean  period  of  the  oscillations,  and  the  process  as  a  whole  is  similar  to  the  exper¬ 
imentally  observed  “an  explosion  within  an  explosion”  effect.  This  effect  is  associated 
with  the  process  of  formation,  propagation  and  interaction  of  the  secondary  shock  wave, 
formed  ir  '  induction  zone,  and  the  lead  shock.  It  is  interesting  that  the  induction 
zone  leng  ries  by  several  orders  of  magnitude  during  the  oscillation  period.  The 
observed  dependence  of  the  critical  work  E  done  by  the  piston  on  its  velocity  Vp  shows 
that  E  reaches  a  minimum  value  when  Vp  equals  the  gas  velocity  behind  the  forward 
shock  in  the  Chapman-Jouguet  detonation  and  increases  sharply  as  the  piston  velocity 
decreases. 

2  Initiation  of  Detonation  by  an  Exploding  Wire  (Lamella) 

In  the  case  of  detonation  initiated  by  a  copper  wire  (lamella)  of  thickness  d,  it 
is  assumed  that  at  t  =  0  the  wire  evaporates  instantaneously,  and  the  high  values 
of  the  resulting  vapor  pressure,  temperature  and  density  are  related  by  complicated 
equations  of  state.  The  computations  were  performed  for  the  aforementioned  initial 
state  of  combustible  mixture  and  the  copper  density  p  -  8.9  g/cm®  and  the  specific 
energy  of  copper  vapor  e  =  24830  kJ /kg.  The  energy  ?  released  during  the  explosion 
was  determined  by  the  thickness  of  the  wire  d,  which  was  varied  in  the  computations. 
The  calculations  showed  that,  if  d  exceeds  a  certain  minimum  critical  value,  then  the 
explosion  gives  rise  to  a  flow  with  a  detonation  wave.  This  value  for  the  wire  is  within 
the  interval  0.58  <  d  <  0.78  mm  and  the  corresponding  critical  energy  is  within  the 
interval  6.0  <  E  <  10.5  kJ/m.  In  addition,  a  comparison  of  the  results  showed  that 
in  determining  the  critical  energy  the  equ.ation  of  state  of  a  perfect  gas  is  valid  for  the 
copper  vapor,  if  the  value  of  the  specific  heat  ratio  lies  within  1.5-1. 8. 

3  Initiation  of  Detonation  by  a  TNT  Charge 

It  is  assumed  that  at  t  =  0  a  charge  of  TNT  evaporates  instantaneously  and  the 
values  of  pressure  and  density  of  the  resulting  vapor  are  related  by  an  equation  of  state 
of  complicated  form.  Computations  were  performed  for  the  molar  fractions  =  0.286, 
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Toj  =  0.143  and  =  0.571,  which  correspond  to  a  hydrogen-air  mixture,  and  a  fixed 
value  of  the  specific  heat  release  of  TNT,  Q  =  1000  kcal/kg.  The  predicted  intervals 
for  the  critical  values  of  diameter  D ,  mass  M  and  energy  E  at  three  values  of  explosive 
density  are  as  follows: 

Pint  =  1-60  g/cm^:  0.014  <D  <  0.016  m,  2.30  <  M  <  3.43  g,  9.61  <  E<  14.34  kJ 

PxNT  =  1-29  g/cm^:  0.016  <  D  <  0.018  m,  2.77  <  M  <  3.94  g,  11.57  <£:<  16.47  kJ 

PxNT  =  0.90  g/cin^:  0.018  <D<  0.020  m,  3.39  <M  <  4.65  g,  14.18  <E<  19.45  kJ 

For  sub  critical  cases,  the  problem  of  finite-time  interaction  of  a  decaying  detonation 
wave  with  a  hard  spherical  cover  surrounding  the  charge  was  considered.  It  appears 
that  for  some  intervals  of  the  cover  radius  there  exists  an  interval  of  interaction  times 
when  a  detonation  is  restored.  For  example,  for  D  ~  0.005  m,  when  the  radius  is  0.1  m, 
the  time  is  within  lC-30  ps. 
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The  concept  of  spontaneous  detonation  onset  in  system  with  appropriate  distribu¬ 
tion  of  the  gradients  of  ignition  delay  time  was  proposed  by  Zel’dovich  ei  al.  [1,  2]. 
The  experimental  data  of  [3-5]  corroborate  the  gradient  mechanism  (SWACER  [3,  4]). 
Nevertheless,  the  results  of  [3-5]  are  not  conclusive  as  to  whether  the  observed  onset  of 
detonation  is  due  to  the  gradient  of  ignition  delay  time  only.  In  particular,  it  appears 
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to  be  rather  difficult  to  distinguish  between  the  cases  of  jet  initiation  and  critical  tube 
diameter  problem  [5].  This  is  no  surprise  since  even  the  most  sophisticated  experimen¬ 
tal  methods  provide  no  means  to  determine  the  distribution  of  the  ignition  delay  times, 
prior  to  the  onset  of  detonation  over  very  short  distances  under  transient  and  essentially 
non-onedimensional  conditions.  Thus,  the  long  since  spoken  words  of  Oppenheim  et  al. 

[6]  about  “the  mysteries  still  surrounding  the  formation  of  detonation”  in  smooth  tubes 
apply  to  the  current  status  of  the  problem.  Further  elucidation  of  the  problem  of  shock- 
less  initiation  of  detonation  could  be  based  on  the  additional  experimental  data  which 
would  be  difficult  to  interpret  otherwise  than  in  terms  of  the  gradient  mechanism.  To 
illustrate  this  point,  we  present  here  a  more  comprehensive  study  of  the  phenomenon 
of  detonation  onset  induced  by  the  venting  of  gaseous  explosion  [7]. 

The  schematic  of  the  4-liter  cylindrical  explosion  chamber  [7]  wherein  the  tests  have 
been  performed,  is  shown  in  Fig.  1.  Without  going  into  detail,  we  merely  note  that  the 
experimental  procedure  originates  from  the  well-known  principle  of  venting  the  gaseous 
explosion  in  a  vessel  initially  plugged  with  a  bursting  diaphragm.  As  has  been  shown  in 

[7] ,  the  presence  of  a  short  duct  connected  to  the  vent  opening  inevitably  gives  rise  to 
the  onset  of  detonation  propagating  into  the  explosion  chamber.  Since  this  took  place 
shortly  after  the  penetration  of  the  flame  into  the  duct,  the  present  work  has  been 
focused  on  the  photographic  study  of  the  pre-detonation  processes  inside  the  duct.  To 
facilitate  the  high-speed  schlieren  recording,  we  used  a  rectangular  duct  (35  x  54  nun^) 
of  170  mm  in  length. 

Figure  1  (pressure  profiles  and  the  upper  sequence  of  frames)  gives  an  example  of 
sixccessful  initiation  of  detonation  in  the  stoichiometric  acetone-oxygen  mixture  diluted 
by  nitrogen  (33%  vol.).  The  initial  pressure  of  the  mixture  ignited  by  an  electrical 
spark  was  2  bar.  The  membrane  was  designed  to  burst  at  3.5  bar.  As  evident  from  the 
pressure  and  streak  camera  records,  up  stream-directed  detonation  is  initiated  shortly 
after  the  flame  arrival  at  the  vent  opening.  Simultaneously,  another  detonation  wave 
propagates  downstream.  It  is  pertinent  to  note  that  in  spite  of  the  obvious  similarity 
of  the  observed  phenomenon  to  the  process  of  deflagration  to  detonation  transition  in 
smooth  tubes,  there  are  good  reasons  to  believe  that  the  upstream-directed  wave  is 
a  detonation  rather  than  retonation  wave.  This  is  evident  from  the  violent  pressure 
buildup  inside  the  explosion  chamber  and  the  smoked-plate  records  presented  in  [7]. 
The  location  of  the  origin  of  the  detonations  is  inside  the  duct. 

The  upper  frame  sequence  provides  some  information  concerning  the  pre-detonation 
flow  field.  Apparently,  ihe  combustion  products  (CP)  flow  into  the  duct  at  a  relatively 
high  velocity  (about  700  m/s).  The  unburned  mixture  (UM)  is  ejected  into  the  duct 
in  parallel  with  CP.  By  geometrical  reasoning,  the  UM  fills  the  vicinity  of  the  walls, 
whereas  CP  show  up  as  the  central  jet.  The  turbulent  mixing  between  the  hot  CP  and 
the  UM  gives  rise  to  the  local  explosion  (self-ignition)  at  the  wall  surface  (see  the  last 
frame)  and  the  subsequent  onset  detonation. 

Another  trend  takes  place  in  a  partially  confined  duct  (without  side  walls),  as  illus¬ 
trated  by  the  bottom  frame  sequence  of  Fig.  1.  The  CP  emerge  at  the  lowest  velocity 
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No  detonation  At  =  100  fis 


Figure  1:  Schematic  of  the  experimental  setup  and  the  results  of  successful  (pres¬ 
sure  records  and  upuer  frame  sequence)  and  unsuccessful  (bottom  shadow  sequence) 
spontaneous  detonation  onset. 
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(about  250  m/s).  As  a  result,  no  detonation  was  observed  both  i:.side  and  outside  the 
explosion  chamber.  Thus,  the  presence  of,  at  least,  short  confined  duct  plays  a  crucial 
role  in  the  spontaneous  detonation  onset.  On  the  one  hand,  the  ducting  promotes  in¬ 
tense  turbulent  mixing  between  CP  and  UM.  On  the  other  hand,  it  can  provide  a  gain  in 
the  outflow  velocity.  Without  considering  all  the  details  of  the  phenomenon  in  question, 
we  focus  below  on  an  attempt  to  elucidate  the  importance  of  the  value  of  the  velocity 
of  CP  within  the  framework  of  the  gradient  mechanism  of  spontaneous  detonation  on¬ 
set.  The  following  simplified  analysis  concerns  the  criterion  for  the  upstream-directed 
detonation  onset  since  this  phenomenon  is  of  great  practical  importance  in  the  problem 
of  vented  explosions. 

Consider  the  parallel  outflow  of  hot  combustion  products  (CP)  and  cold  unburned 
mixture  (UM)  under  the  following  assumptions: 

(1)  there  is  an  intense  turbulent  mixing  between  CP  and  UM; 

(2)  the  co-current  motion  begins  at  t  =  0  and  a:  =  0; 

(3)  the  outflow  velocity  ay  is  constant. 

Thus,  the  ignition  delay  time  r  of  a  certain  small  volume  of  the  UM  will  decrease  due 
to  the  turbulent  mixing.  Simultaneously,  this  volxime  will  move  downstream.  Thus,  at 
any  time  there  exists  a  distribution  of  ignition  delay  time  ofUM  along  the  duct  (r  -»  oo 
at  t  =  0,  a:  =  0).  The  simplest  relationship  describing  the  variation  in  the  induction 
time  along  the  path  of  the  outflow  is  a  power  law:  t{x)  =  Ax~f’  (p  >  0,  A  >  0).  The 
ignition  delay  under  transient  conditions  is  governed  by  the  integral  [4] 


Jo  T{t) 

Taking  into  account  the  obvious  relationship  x  =  ajt,  one  can  rewrite  the  integral 

in  terms  of  a:.  Thus,  one  can  determine  the  location  of  the  self-ignition  event:  x,  = 

{A{p  -f  l)ay)pU.  Using  the  criterion  of  [2]  for  the  onset  of  strong  shock  wave  and 

detonation  \drldx\~^  Op  (up  is  the  speed  of  sound  in  CP),  one  can  find  the  coordinate 

1 

of  the  point  xj,  at  which  detonation  will  start:  x^  -  (Apap)i'+‘ .  Therefore,  detonation 
can  arise  and  propagate  upstream  if  x,  >  xj.  It  is  surprising  that  this  imposes  a 
simple  condition  on  the  outflow  velocity,  which  is  expressed  in  terms  of  only  Up  and 
p:  aj  >  appKp  +1).  If  Of  <  Op,  the  self-ignition  wave  can  propagate  upstream  .  To 
summarize,  the  condition  for  the  onset  upstream-directed  spontaneous  detonation  is 


\  P+l  Up  ' 

Setting  Up  ss  10^  m/s  and  taki..»g  into  account  the  experimental  results,  one  can  roughly 
estimate  the  range  of  p:  p  =  0.|l-2. 
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INCREASED  SHOCK-WAVE  SENSITIVITY  OF  A  TATB-BASED 
EXPLOSIVE  TO  DOUBLE  SHOCK- WAVE  LOADING  WITH 
INTERMEDIATE  RAREFACTION:  EXPERIMENT, 
PHENOMENOLOGICAL  MODEL,  NUMERICAL  SIMULATION 

V.  G.  Morozov,  1.  I.  Karpenko,  S.  E.  Kuratov,  V.  N.  Shamrayev, 
S.  S.  Sokolov,  L.  V.  Dmitriyeva,  T.  L.  Grebennikova, 

A.  A.  Evstigneyev,  A.  D.  Kovtun,  V.  A.  Komrachkov,  I.  E.  Plaksin, 
V.  F.  Gerasimenko,  A.  N.  Shuykin,  Yu.  M.  Makarov, 

V.  M.  Gerasimov,  V.  I.  Shutov 

Russian  Federal  Nuclear  Centre,  All-Russian  Scientific  Research  Institute  of  Experimental 
Physics  (VNIIEF),  607200  Arzamas-16,  Nizhni  Novgorod  Region,  Russia 


Using  TATB-based  explosive  as  an  example,  increased  heterogeneous  explosive  sen¬ 
sitivity  to  a  preliminary  shock  wave  followed  by  a  rarefaction  wave  was  studied. 

Experiments  with  weak  planar  loading  and  rarefaction  of  explosive  samples  followed 
by  shock-wave  initiation  of  detonation  were  performed. 

Within  the  framework  of  the  “hot  spot”  concept,  a  phenomenological  model  of  ex¬ 
plosive  decomposition  kinetics  was  proposed.  The  model  accounts  the  effect  of  explosive 
density  variation  prior  the  shock  wave  on  the  shock-wave  sensitivity. 
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Earlier,  this  model  was  used  to  describe  explosive  sensitivity  to  preliminary  shock- 
wave  compression. 

Using  hydrodynamic  computer  codes,  experiments  for  plane  geometry  were  simu¬ 
lated  to  refine  and  verify  the  model. 

An  X-ray  test  was  performed  to  demonstrate  the  increased  TATB-based  shock- wave 
sensitivity  of  the  explosive  in  the  context  of  two-dimensional  interaction  of  a  shock  and 
a  rarefaction  wave.  A  computational  simulation  of  the  test  reproduced  sufficiently  well 
the  experimental  picture. 


THE  EFFECT  OF  NON-ISENTROPIC  PROCESSES  ON 
DEFLAGRATION  TO  DETONATION  TRANSITION  IN 
GASEOUS  COMBUSTIBLE  MIXTURES 

M.  A.  Noskov*,  S.  M.  Frolov*,  P.  Wolanski* 

■  Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 
^  Politechnika  Warszawska,  Warszawa,  Poland 


Introduction 

Deflagration  to  detonation  transition  (DDT)  in  most  gaseous  combustible  mixtures 
is  known  to  take  place  in  sufficiently  long  ducts.  Despite  extensive  studies  of  the  DDT 
phenomenon,  universal  theory  is  still  lacking.  Zel’dovich  [1]  was  one  of  the  pioneers 
in  explaining  DDT  by  shock-flame  interaction.  Manson  [2]  reported  the  results  of 
thermodynamic  calculations  of  flame  and  shock  velocities  pertaining  to  DDT.  The 
liinits  of  DDT  were  calculated  within  the  framework  of  a  simplified  one- dimensional 
model  ignoring  the  non-isentropic  processes  behind  the  shock  wave  [3]. 

Oppenheim  [4]  has  demonstrated  experimentally  that  the  detonation  wave  arises 
suddenly  after  ‘explosion  in  explosion’  somewhere  between  the  flame  and  the  sequence 
of  shock  waves.  So  far,  there  has  been  no  adequate  quantitative  explanation  for  the 
phenomenon  of  ‘explosion  in  explosion  Experimental  observations  show  that  a  local¬ 
ized  explosion,  if  occurs,  does  not  necessarily  give  rise  to  detonation.  What  conditions 
are  then  required  for  the  onset  of  detonation?  Oppenheim  analyzed  the  thermodynamic 
parameters  of  the  shock-compressed  gas  in  multiple  shocks  under  conditions  pertaining 
to  DDT.  It  has  been  found  that  the  pressure  p  and  temperature  T  of  the  critical  particle 
(fluid  particle  located  in  the  centre  of  ‘explosion  in  explosion’,  [4])  appear  to  be  outside 
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the  explosion  limits.  Moreover,  the  delay  time  integral  for  the  critical  fluid  particle 


has  been  found  to  vary  from  5  •  10“"*  to  4  •  10“^,  depending  on  the  empirical  formula 
used  for  steady  state  induction  time  t{p,T).  This  implies  that  shock  compression  itself 
does  not  provide  conditions  favoring  autoignition  of  the  critical  particle. 

Wolanski  [5]  has  suggested  possible  explanation  of  ‘explosion  in  explosion  ’  based  on 
the  analysis  of  non-isentropic  processes  behind  the  lead  shock.  Kinetic  energy  dissipa¬ 
tion  at  the  duct  wall  can  result  in  local  temperature  increase  thus  locally  enhancing 
chemical  energy  release. 

This  paper  reports  a  detailed  study  of  the  eflect  of  the  non-isentropic  processes  on 
mixture  autoignition  behind  a  shock  wave.  As  a  starting  point,  the  laminar  boundary 
layer  behind  a  single  shock  wave  is  considered. 

Formulation 

Consider  propagation  of  a  single  plane  shock  wave  in  a  duct  filled  with  a  combustible 
gas  mixture.  The  shock  velocity  is  assumed  to  be  constant.  Fluid  particles  entering  the 
wall  boundary  layer  decelerate,  and  their  temperature  increases.  Based  on  the  known 
velocity  distribution  in  the  boundary  layer,  one  can  estimate  the  temperature  profile 
using  the  energy  conservation  equation.  Depending  on  the  thermal  boundary  conditions 
at  the  duct  wall,  the  temperature  maximum  can  be  reached  at  a  finite  distance  from 
the  wall,  or  at  the  wall  itself  if  adiabatic  conditions  are  specified.  The  difference  in  gas 
temperature  drastically  affects  the  autoignition  time  delay  for  fluid  particles.  The  time 
delay  is  expected  to  depend  on  the  distance  from  a  fluid  particle  to  the  wall  and  differs 
considerably  from  the  value  found  for  the  critical  particle  in  [4]. 

The  mathematical  model  for  the  effect  under  study  is  based  on  the  following  sim¬ 
plifying  assumptions: 

(1)  plane  shock  wave; 

(2)  two-dimensional  planar  steady  flow; 

(3)  laminar  boundary  layer; 

(4)  constant  thermophysical  properties; 

(5)  adiabatic  confinement; 

(6)  negligible  pre-ignition  self-heating  of  combustible  mixture,  as  compared  with  the 

temperature  increase  due  to  kinetic  energy  dissipation; 

(7)  single-step  chemical  reaction. 
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In  the  coordinates  attached  to  the  shock,  the  gas  velocity  ahead  of  the  shock  is  D, 
while  behind  the  shock  the  free  stream  has  the  constant  longitudinal  velocity  Uoo  and 
a  variable  transverse  velocity  component.  The  latter  arises  due  to  the  curvature  of 
a  realistic  shock  wave  and  can  be  determined  from  the  solution  of  the  shock  wave  - 
boundary  layer  interaction  problem  [6],  The  corresponding  gas  temperatures  in  the 
undisturbed  and  shocked  free-stream  gas  are  Tq  and  Too  where  subscripts  ‘0’  and  ‘oo’ 
denote  the  conditions  prior  and  after  shock  arrival,  respectively. 

The  profile  of  the  longitudinal  velocity  u  has  been  foimd  in  [7]  for  a  range  of  the 
shock  Mach  numbers.  For  a  shock  wave  of  moderate  intensity,  it  can  be  approximated 
with  a  good  accuracy,  using  the  solutions  obtained  in  [7],  as  a  piece-linear  function  of 
coordinates;  u  —  u{x,y). 

Then,  the  mass  conservation  equation 

^(H  +  ^(p»)  =  o,  (2) 

yields  the  transversal  velocity  component  v.  The  procedure  outlined  was  used  to  cal¬ 
culate  the  flow  velocity  distribution. 

Temperature  was  estimated  using  the  Crocco  integral  for  a  compressible  boundary 
layer.  Under  the  conditions 

^  =  0,  Pp  =  1,  7  =  const,  C  u^, 

ax 

the  gas  temperature  at  the  wall  is  [8) 

(3) 

where  U  and  w  denote  the  longitudinal  velocity  components  of  particle  in  the  free 
stream  and  in  the  boundary  layer,  respectively,  in  the  laboratory  coordinate  system, 
M  is  the  local  Mach  number  of  the  shock-compressed  gas,  j  is  the  specific  heat  ratio, 
r  is  the  temperature  recovery  coefficient,  7/  is  the  coefficient  introduced  for  taking  into 
account  thermal  boundary  conditions  at  the  duct  wall,  Pr  is  the  Prandtl  number. 

A  7%  decrease  in  initial  reactant  concentration  is  introduced  as  a  criterion  for 
autoignition.  This  was  found  to  correspond  approximately  to  condition  J  ss  1  (see 
Eq.  (1))  for  the  kinetic  parameters  specified  below.  The  equation  for  the  reaction  rate 
with  the  initial  condition  is 

«(0)=1,  (4) 

where  o  =  [A]/[A]o  denotes  the  dimensionless  reactant  concentration  (e.g.,  the  oxi¬ 
dizer),  k  is  the  pre-exponential  factor,  E  is  the  activation  energy,  R  is  the  gas  constant. 
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Table  1:  Properties  of  particles  entering  the  boundary  layer. 


Particle  No. 

y/ni 

r/s 

a:„,„/m 

T.,„/K 

a, /(m/s) 

I{t) 

BflpyiCSMM 

1 

free  stream 

qesebi 

3.19 

966 

952.7 

1 

mmm 

2 

■IQBQBI 

0.141 

1278 

1096 

0.87 

419 

3 

hibebi 

■BBEH 

0.126 

1288 

1100 

0.88 

556 

4 

HBHEBI 

BESBEH 

0.113 

1297 

1104 

0  89 

591 

5 

■BDil 

0.100 

1302 

1106 

0.88 

619 

6 

KEESEBI 

0.088 

1310 

1109 

0.88 

631 

7 

■BBQIH 

91  •  10“^^ 

0.078 

1320 

1113 

0.89 

556 

8 

mam 

74. lO-o 

0.068 

1328 

1117 

0.89 

588 

9 

mam 

59-  iF^ 

0.057 

1339 

0.88 

733 

10 

■QQH 

0.049 

1349 

0.89 

615 

11 

mam 

E3B 

0.041 

1357 

1129 

0.89 

727 

If  the  initial  and  boundary  conditions  are  specified,  one  can  obtain  the  histories  of 
gas  variables  along  the  trajectory  of  a  fixed  gas  particle  and,  finally,  find  the  ignition 
location  and  delay  time. 

Results 

The  problem  formulated  above  was  solved  numerically  for  a  model  combustible 
mixture  with  the  following  properties: 

7  =  1.36,  i/ =  10~^  m^/s,  E  =  40  kcal/mole,  L’  =  10'°s"'’,  ?/ =  1,  J’c  =  1> 

Po  =  Pa,  To  =  300  K,  uq  =  538.5  m/s, 

M,  =  3.5,  I/oo  =  427  m/s,I»  =  1885  m/s,  M  =  1.53, 

Pi  =  14.3  ■  10®  Pa, Pi  =  2.15  kg/m^ 

Ten  particles  (Particles  2  to  11)  entering  the  boundary  layer  and  a  single  particle 
(Particle  1)  moving  in  a  free  stream  were  examined.  Table  1  shows  the  predicted 
particle  parameters.  Particle  trajectories  are  shown  in  Fig.  1,  with  particle  ignition 
time  and  position  marked  by  dark  circles.  Clearly,  the  delay  time  for  Particle  1  is 
larger  than  for  Particles  2-11.  Note,  that  the  transverse  velocity  in  the  post-shock  gas 
affects  considerably  the  particle  ignition  delay  time,  despite  the  fact  that  u  <  u. 

The  predicted  value  of  the  delay  time  integral  (1)  for  Particle  1,  taken  at  the  moment 
of  ignition  of  Particle  10,  is  5  •  10“^.  It  correlates,  by  the  order  of  inagnHude,  with  the 
respective  data  of  [4]  for  a  critical  particle  at  the  moment  of  its  explosion.  Thus, 
the  boundary  layer  effect  explains  the  discrepancy  between  the  predictions  of  [4]  and 
experimental  findings. 

The  predicted  values  of  induction  integral  (1)  for  Particles  2  to  11,  taken  at  the 
moments  of  their  ignition,  are  close  to  unity. 
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Figure  1:  The  predicted  time-distance  diagram  for  11  fluid  particles  moving  behind  a 
shock  wave  of  M  —  3.5.  Particle  1  represents  free  stream  conditions.  Particles  2  to  11 
enter  the  near-wall  laminar  boundary  layer  at  different  height.  Dark  circles  show  time 
and  position  of  particle  ignition.  Ignition  site  of  particle  1  is  located  outside  the  plot 
scale. 


Let  us  estimate  the  ratio  u,p/a,,  where  it,p  is  the  spontaneous  flame  velocity  [8] 
and  a,  is  the  local  sound  velocity.  The  value  of  u,p  can  be  approximated  as 


^sp 


Igragrj  \Ax/ 


(5) 


It  follows  from  Table  1  that  Usp/a,  is  of  the  order  of  unity.  This  fact  indicates  that  the 
amplification  of  pressure  waves  initiated  by  ignition  events  inside  the  boundary  layer 
can  occur  by  the  Zel’dovich  mechanism  [9].  The  Zel’dovich  meclianism  provides  an 
explanation  of  the  nature  of  strong  shock  or  detonation  waves  onset  [10]  and,  therefore, 
could  be  the  reason  for  ‘explosion  in  explosion’. 

Discussion 

A  further  improvement  of  the  model  should  take  into  account  the  eftects  of  transport 
processes  on  the  fluid  particle  ignition,  turbulent  fluctuations  in  the  boundary  layer, 
and  multiple  shock  compression. 

Under  non-adiabatic  conditions,  instead  of  Eq.  (3)  one  can  use  the  similarity  relation 

[2] 

T,  -  T\v  _  w  , 

T.oo  -  Tw  "  U  ^  ’ 

where  T,  and  T\v  are,  respectively,  the  stagnation  and  wall  temperature.  The  exact 
solution  of  [7]  for  the  laminar  boundary  layer  can  be  replaced  by  the  “l/7”th  power 
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low  for  velocity  distribution  in  the  turbulent  boundary  layer  (TBL),  i.e. 

w  ^  7 

u  \s) 


(6) 


where  S  is  the  boundary  layer  thickness.  The  combination  of  Eqs.  (5)  and  (6)  allows 
one  to  obtain  the  profile  of  average  static  temperature  in  TBL,  replacing  Eq.  (3).  It  can 
be  shown  that  at  M  >  -  T\ylToo)  the  static  temperature  attains  a  maximum 

value  inside  TBL,.  which  is  dependent  of  A/,  7,  and  T\v.  Hence,  non-isentropic  processes 
are  expected  to  effect  ignition  in  TBL  under  non-adiabafic  conditions 

The  account  of  multiple  shock  compression  of  reactive  mixture  will  evidently  de¬ 
crease  the  characteristic  Mach  number  at  which  the  effects  under  consideration  become 
significant. 

Conclusion 

Kinetic  energy  dissipation  in  a  compressible  boundary  layer  behind  a  shock  wave  is 
shown  to  considerably  affect  autoignition  of  a  reactive  mixture.  The  particles  entering 
a  boundary  layer  have  been  shown  to  exhibit  substantially  shorter  ignition  delay  time 
than  in  the  free  stream,  which  provides  the  explanation  for  the  discrepancies  between 
simplified  ID  simulations  and  experimental  findings.  The  predicted  spontaneous  flame 
velocity  has  been  shown  to  be  close  to  the  local  sound  velocity.  According  to  the 
Zel’dovich  mechanism,  in  this  case  one  can  expect  the  strong  coupling  between  the 
localized  chemical  energy  release  and  the  accompanying  pressure  waves  which  can  bo 
used  as  a  basis  for  the  further  studies  of  the  ‘explosion  in  explosion'  phenomenon 
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PRACTICAL  APPLICATION  OF  RAivEFACTION  SHOCK- WAVE 
EFFECT  PREDICATED  BY  YA.  B.  ZEL’DOVICH 


S.  A.  Novikov 

Russian  Federal  Nuclear  Center,  Arzamaz-16,  Russia 


In  1946,  Zel’dovich  has  suggested  for  the  first  time  an  idea  of  rarefaction  waves  with 
abruptly  decreasing  pressure,  i.e.  rarefaction  shock  waves  (RSW),  likely  to  exist  in  a 
medium  under  certain  conditions  [Ij. 

The  possibility  of  RSW  occurrence  could  be  conditioned  by  the  Poisson  adia- 
bat  having  a  portion  with  the  negative  second  pressure  derivative  over  volume,  i.e. 
d'PjdV^  <  0.  As  an  example,  Zel’dovich  considered  a  medium  with  its  state  near  the 
critical  point  where  there  is  no  distinction  between  vapor  and  licpiid  phases. 

Experimentally,  RSW  were  initially  observed  in  iron  and  steel,  with  first-order  phase 
transition  (oFe-eFe)  occurring  at  pressure  130  Kbar  [2].  The  bend  point  of  iron  adia- 
bat  represents  a  particular  limiting  case  for  abnormal  adiabat  portion  having  negative 
second  derivative. 

In  1956,  during  VNIIEF  experiments  on  iron  and  steel  specimens  fracture,  an  orig¬ 
inal  kind  of  spall  fracture,  i.e.  smooth  spalling,  was  observed.  That  appeared  to  be  the 
earliest  experimental  evidence  of  RSW  existing  [3,  4,  5|.  Later  in  [6],  a  profile  record 
of  a  shock  pulse  involving  RSW  has  been  obtained 

Novosibirsk  scientists  were  the  first  who  have  shown  experimentally  the  RSW  exist¬ 
ing  in  the  region  near  the  critical  “liquid-vapor”  point  as  suggested  by  Zel’dovich  [7]. 
In  1986,  the  RSW  effect  co-authored  with  ZePdovich  was  registered  as  the  discovery 
[8]. 
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Currently,  there  are  experimental  indications  ol  kSW  for  a  large  variety  of  solid 
materials. 

With  RSW  taken  into  account  in  numerical  calculations,  the  accuracy  could  be 
significantly  improved  in  predicting  the  responses  of  materials  and  critical  structures 
to  shock  loading. 

RSW  effects  were  used  to  account  for  some  structural  changes  in  metals,  such  as 
the  formation  of  a  vigorous  twinning  region  in  steel  [9].  During  spall  fracture,  metals 
would  have  negative  pressures  in  a  very  narrow  region  with  its  size  dependent  on  the 
RSW  front  width.  Under  these  conditions,  real  metals  are  likely  to  achieve  theoretical 
or  near-theoretical  strength.  An  attractive  and  somewhat  unexpected  application  of 
this  affect  is  the  comparative  brisance  evaluation  of  high  explosives  [10]. 

Of  great  practical  importance  is  the  use  of  RSW  colhsion  technique  blast  fragmen¬ 
tation  of  thick- wall  structures.  With  this  technique,  solid  many-tons  steel  structures 
can  be  cut  using  high  explosives,  their  amount  being  a  factor  of  100  as  small  as  the 
value  predicted  by  standard  relationships.  This  .s  quite  essential  for  operations  in  an 
aquatic  environment,  including  disassembly  of  sea-based  oil  platforms,  ets. 
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“VACUUM”  DETONATION  IN  A  POROUS  MEDIUM 

A.  V.  Pinaev 

Lavrent’ev  Institute  of  Hydrodynamics,  Siberian  Division  Russian  Academy  of  Sciences, 

Novosibirsk,  630090  Russia 


The  detonation  of  monofuels  in  an  evacuated  porous  medium  was  for  first  time  ex¬ 
perimentally  obtained  m  [1].  The  detonation  of  high  explosive  (HE)  particles  suspended 
in  an  evacuated  channel  and  tossed  up  from  its  bottom  was  reported  in  [21. 

The  study  of  detonation  of  RDX  and  TNT  powders  covering  with  a  uniform  thin 
layer  the  particles  of  an  inert  porous  medium  is  reported  in  the  paper.  The  influence  of 
the  initial  gas  pressure  po  on  the  limits  and  characteristics  of  detonation  is  considered 
in  detail,  and  the  wave  structure  and  the  ignition  and  propagation  mechanisms  of 
detonation  are  described. 

The  experiments  were  performed  in  thick-walled  cylinders  of  length  L  —  200  and  300 
mm,  with  inner  diameter  d  =  20  mm  and  steel  balls  of  diameter  S  ---  2.5  mm  inside.  The 
detonation  was  initiated  in  the  working  section  from  the  top.  ising  a  supplementary 
section  {L  --  150  mm,  d  --  10  mm)  by  igniting  2112-1  O2  mixture  at  the  initial  pressure 
0.25-0.3  MPa. 

The  detonation  viT  oity  D,  the  pressure  p,  and  luminescence  were  measured  at 
the  gauge  length  50  mm  by  two  tourmaline  transducers  (of  crystal  size  1  5  mm  and 
eigenfreiuency  300  kHz)  with  quartz  light  guides  {d  -  0  3  mm)  inserted  close  to  the 
piezocleiiienls.  'I'he  detonation  velocity  was  also  measured  at  two  gauge  lengths  50  mm 
each  by  thin  quartz  light  guides  The  self-luminescence  process  was  photographed  in 
an  optical  section  (/  --  500  min,  d  --  35  mm)  with  the  balls  2.5  mm,  5  mm,  and  11.5 
mm  in  diarn'  t^'r  t'liougli  a  slit  250  mm  long  and  1  mm  wid*\  The  covered  jiariicles 
(  f  HE  were  .  -  ;nti  ni  size.  It  had  been  preliminarily  proved  by  firing  in  the  porous 
medium  without  HE  that  error  due  to  the  initiating  pressure  impulse  was  negligible: 
at  a  distance  ~  2QS,  the  pressure  decreases  to  0  05  MPa,  wdiile  its  delay  with  respect 
to  the  detonation  wave  is  over  250  ns 

A  distinctive  feature  of  “vacuum”  detonation  is  the  smooth  rise  of  the  leading  front 
and  luminescence,  their  peaks  being  usually  coincident,  the  pressure  rise  was  3  10  /is 
ahead  of  the  luminescence  The  basic  characteristics  of  steady-state  detonation  include 
the  rise  length  A]  -  t^D  (ti  is  the  time  of  pressure  increase  in  the  wave),  the  duration 
of  pressure  decrease  72,  and  the  luminescence  time  r;  For  RDX,  A]  ~  18  I  1  mm  at 
p  -  5  ‘10  mg/ciiE,  wdiich  amounts  to  (7-8)A 

The  reaction  zone  was  conventionally  subdivided  into  an  active  zone  (up  to  the 
Cliapman  Jouguet  surface),  where  the  gas  moves  forward,  and  a  passive  one,  wdiere 
the  HE  particles  ignite  over  a  long  time  (r  <  r;  ~  250  350  //s)  in  the  i/resence  of  a 
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slow  (c:  10  m/s)  reverse  motion  of  the  reaction  products  due  to  the  negative  pressure 
gradient  in  the  wave.  The  analysis  of  the  scanning  have  shown  that  the  active  zone 
thickness  is  close  to  Aj.  The  value  t;  is  determined  more  precisely  from  the  scanning 
of  the  process.  The  characteristic  value  of  T2  is  only  by  50-100  /is  greater  than  that  of 
T/,  which  may  be  due  to  the  fast  cooling  of  the  ignited  gas  in  the  pores. 

The  experimental  dependencies  of  velocity  and  maximum  pressure  ^Pmax  on  p 
in  the  steady  detonation  waves  are  shown  in  Fig.  1  for  IlDX  (l)  and  TNT  (2).  The 
extreme  left  points  correspond  to  the  critical  values  /?*,  D’,  and  ^p'^ax  determined  with 
an  error  of  10-15%.  The  negligible  change  in  the  value  of  p  near  the  limit  has  the  most 
significant  effect  on  Ap,nax-  Thus,  for  RDX  Ap^„^  ~  3.5-4  MPa  at  p*  =  4.6  mg/cm^, 
and  Apmax  -  7-5  MPa  at  p  ~  5  mg/cm^,  for  TNT  Ap"„^^  ~  25-35  MPa  at  p*  ~  25 
mg/cm^.  The  reduced  detonabihty  of  TNT  is  due  to  its  higher  ignition  temperature, 
as  compared  to  RDX.  The  experiments  were  not  conducted  at  p  >  40  mg/cm®  because 
of  the  shedding  of  HE  off  the  particles  of  porous  medium.  The  experimental  curve  of 
Apmaxip)  ^  straight  line,  and  the  growth  of  D  is  slower. 

Experimental  data  were  consistent  within  the  measurement  error,  ifpo  was  increased 
from  0.1  to  10^-10®  Pa.  The  influence  of  po  is  most  significant  in  the  vicinity  of  p", 
because  the  wave  is  rather  weak.  The  results  for  RDX  are  presented  in  Fig.  2.  It  has 
been  found  that  both  lower  and  upper  limiting  values  of  po  exist.  With  a  decrease  in 
p,  the  zone  of  detonation  was  observed  to  narrow.  At  p  ~  4.0  mg/cm^,  pure  “vacuum” 
detonation  cannot  exist.  Its  occurrence  starts  at  po  —  0.05  MPa  and  ceases  when 


379 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


Po  >  0.136  MPa.  The  highest  values  of  D  were  observed  in  the  interval  between  the 
limits.  The  nature  of  the  upper  density  limit  is  attributable  to  the  quenching  action  of 
the  inert  gas  component,  whereas  a  moderate  addition  of  gas  to  the  system  promotes 
detonation,  which  explains  the  natme  of  the  lower  limit.  At  p  ~  3  mg/cm\  the 
detonation  occurs  only  in  a  narrow  vicinity  of  po  =  0.1  MPa,  and  at  lower  densities 
detonation  is  absent. 

The  existence  of  a  purely  jet  mechanism  of  ignition  and  propagation  of  “vacuum” 
detonation  has  been  established  in  optical  studies.  Hot  gas  jets  flow  out  of  the  high- 
pressure  region  and  ignite  the  HE  particles.  The  peak  apparent  velocity  of  the  jets  at 
the  leading  front,  measured  by  the  tracks  at  the  detonation  scanning,  is  close  to  D  and 
in  some  pores  exceeds  it  by  100-200  m/s.  With  an  increase  in  po  at  low  p,  the  gas  in 
pores  ahead  of  the  wave  cools  down,  decelerates  the  jeis,  and  inhibits  the  detonation. 

The  mean  free  path  length  for  molecules  in  a  porous  medium  does  not  exceed  6. 
Therefore,  the  steady-state  detonation  velocity  and  a  non-spreading  pressure  profile 
establish  rapidly.  For  this  reason,  the  porous  medium  is  more  suitable  for  the  studies 
of  “vacuum”  detonation,  as  compared  to  drops  or  dusts. 

This  work  has  been  supported  by  the  Russian  Foundation  for  Fundamerual  Re¬ 
search. 
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EVOLUTION  OF  EXPLOSION  IN  TATB  HIGH  EXPLOSIVE  IN 
THE  PROCESS  OF  ITS  EXPANSION  INTO  A  FREE  SPACE 
FOLLOWED  BY  AN  IMPACT  AGAINST  HARD  BARRIER 

I.  E.  Plaksin,  V.  1.  Shutov,  V.  M.  Gerasimov,  V.  F.  Gevaoimenko 

RFNC-VNIIEF,  Arzamas-16,  Russia 

It  is  well  known  that  a  high  explosive  (HE),  shock-compressed  at  sub-threshold 
intensity,  becomes  less  sensitive  to  a  subsequent  shock-wave  loading.  HE  shock  de 
sensitization  js  primarily  caused  by  the  change  of  its  rheological  properties  involving 
pore  destruction  and  heterogeneity  smoothing,  so  that  HE  approaches  the  state  of  solid 
homogeneous  matter.  I'lesensitization  is  most  pronounced  for  low-sensitive  HE  TATB 
compositions. 

Later  experiments  revealed  another  remarkable  feature  of  these  high  explosives, 
namely  their  post-shock  resensitization.  When  a  HE  unloads  and  expands  into  a  free 
space  after  having  been  shock-compressed,  its  shock-wave  sensitivity  rises  again  and 
becomes  higher  as  compared  to  that  of  the  starting  HE. 

This  feature  of  HE  is  related  to  one  poorly  investigated  phenomenon. 

This  phenomenon  can  potentially  result  in  expanding  fragments  of  the  damaged 
HE  thf  *  can  be  caused  by  incomplete  explosion  of  the  HE-containing  facility.  In  this 
connect:  m  they  should  be  considered  as  a  serious  effect. 

Thrc  :  runs  of  experiments  were  carried  out,  wherein  three  thin  HE  samples  (TATB 
plus  10%  of  plastic  binder,  po  =  1.88-1.89  g/cm'^)  were  accelerated,  using  shock-wave 
generators,  and  hit  barriers  made  of  materials  of  various  hardness  (shock  impedance) 
such  as  magnesium,  aluminum  and  steel. 

In  all  cases,  when  we  analyzed  the  acceleration  of  HE  specimens  after  the."  hitting 
magnesium,  aluminum  and  steel  barriers,  the  initial  amplitudes  of  the  resulting  pres¬ 
sures  were  lower  than  the  starting  HE  initiation  threshold:  Ppg  =  4  GPa,  Py[^  =  6 
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GPa,  —  3.5  GPa.  Evolution  of  explosion  initiated  by  pulses  of  these  amplitudes 
shows  that,  during  implosion  and  expansion,  the  starting  low-sensitive  HE  changes  its 
structure  greatly  and  becomes  close  to  RDX  and  HMX  compounds  in  terms  of  sensi¬ 
tivity. 

The  results  obtained  should  be  taken  into  account  in  developing  the  models  of 
detonation  initiation  and  evolution. 

A  thorough  structural  analysis  of  a  HE,  which  has  undergone  rheological  changes 
during  shock  compression  followed  by  unloading,  is  required  to  elucidate  the  mechanism 
of  initiation  and  evolution  of  the  explosive. 

The  estimation  of  the  increased  content  of  defects  and  changes  in  phase  state,  heat 
conduction,  strength  and  viscosity  of  a  TATB-based  HE,  which  has  been  repeatedly 
shock-compressed  during  intermediate  unloading,  is  apparently  a  promising  research 
target  in  this  field. 


DETONATION  IN  NITROMETHANE  AND 
NITROMETH  AN  E-OXYGEN  GASEOUS  MIXTURES 

H,  N.  Presles,  D.  Desbordes,  M.  Guirard 

Laboratoire  d’Energetique  ei  de  Detonique  —  UR  A  193  CNRS,  ENSMA  -  BP  109  - 
Ckasseneuil  du  Poitou,  86960  Fuiuroscope  Cedes,  France 


Detonation  in  pure  gaseous  nitromethane  (NM)  and  in  gaseous  mixtures  NM/O2 
has  been  studied.  NM  is  liquid  under  the  normal  temperature  and  pressure  conditions, 
so  experiments  were  performed  in  a  preheated  steel  tube  (5  m  long  and  52  mm  inner 
diameter  (d)).  The  initial  temperature  Tq  could  be  varied  up  to  400  K  ±  2  K;  however 
all  the  experiments  have  been  made  at  390  K. 

Detonations  were  monitored  by  means  of  ionization  probes,  pressure  gages  and  the 
smoked  foil  technique. 

Initiation  of  detonation  was  provided  by  a  cap  surrounded  by  1  g  of  high  explosive 
(PETN  composition). 

Detonation  in  Pure  NM 

Detonation  was  obtained  in  the  range  of  initial  pressure  0.05  <  Po  <  1-7  bar. 
Different  modes  of  detonation  propagation  depending  on  po  were  observed: 

•  For  Po  >  1-2  bar,  a  multi-headed  mode  of  propagation  was  observed  with  a 
velocity  close  to  the  CJ  predictions.  This  detonation  regime  exhibits  a  double 
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Direction  of  detonation  propagation 


Figure  1:  Spinning  detonation  in  gaseous  NM:  Tq  =  390  K,  po  =  0.3  bar. 

cellular  structure  with  two  different  characteristic  sizes.  A  fine  structure  of  size 
Ai  grows  inside  the  main  structure  of  size  Ao  up  to  the  end  of  these  main  cells, 
In  classical  gaseous  explosive  mixtures,  a  fine  structure  sometimes  exists  in  the 
first  part  of  the  main  cells. 

•  For  1.2  >  po  >  0.3  bar,  that  is,  over  a  wide  pressure  range,  spinning  detonation 
could  be  observed  with  a  classical  spin  pitch  P  (i.e.,  P  =  15  cm  =  ird). 

The  velocity  deficit  of  the  detonation,  with  respect  to  the  CJ  predictions,  increases 
when  Po  decreases  and  is  about  6%  for  po  =  0.5  bar. 

Here,  the  double  cellular  structure  also  exists:  the  main  cell  corresponds  to  the 
single  spin,  and  we  can  observe  the  fine  structure  between  two  successive  turns 
of  the  helix  along  the  tube  (Fig.  1).  This  structure  is  oriented  along  the  axis  of 
the  detonation  tube.  It  appears  at  a  distance  of  about  P/3  from  a  helix  trace,  its 
size  increasing  progressively  towards  the  next  helix  path. 

In  other  words,  this  structure  does  not  vanish  as  it  happens  in  the  case  of  classical 
CnHm/02  or  Air  gaseous  explosive  mixtures. 

t 

#  For  0.3  >  Po  >  0.05,  the  spinning  regime  turns  progressively  into  a  periodic 
mechanism  of  period  P  larger  than  the  classical  spin  pitch’  for  po  =  0.05  bar,  P  = 
22  cm.  This  periodic  mechanism  is  due  to  successive  detonation  initiations  and 
extinctions  and  could  tend,  with  po  decreasing,  towards  the  “galloping”  regime. 

In  that  regime,  only  this  substructure  remains.  Its  cell  size  increases  along  tlip 
periodic  zone  until  a  new  reinitiation  occurs.  At  that  point,  the  cell  size  is  about 
0.25  to  0.3d. 

Detonation  in  NM/O2  Mixtures 

For  slight  dilution  with  O2  (corresponding  to  the  global  equivalence  ratio  (f)  ranging 
from  (f)  =  1.76  (pure  NM)  to  about  d*  -  =  1.4),  the  detonation  in  NM/O2  mixtures 
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1  cm 


- ► 

Direction  of  detonation  propagation 


Figure  2:  Typical  cellular  structure  of  the  detopation  of  NM/O2  mixture  (p  =  1.4, 
To  =  390  K,  po  =  0.5  bar. 


Figure  3:  Variation  of  the  size  Aq  of  the  main  cells  in  NM/O2  mixtmes  versus  the 
equivalence  ratio  (f>  for  To  =  390  K  and  po  =  0-5  bar. 
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shows  the  same  behavior  as  the  detonation  in  pure  NM,  that  is,  the  existence  of  a 
double  cellular  structure  (Fig.  2). 

For  <f)  <  <!>’",  the  fine  cellular  structure  inside  the  main  cells  progressively  disappears. 
In  the  spinning  regime  {<f>  <  0.1)  the  fine  cellular  pattern  looks  hke  that  observed  in 
the  classical  C„Hm/02  or  Air  mixtures.  The  classical  U-shaped  XoW  curve  is  given  in 
Fig.  3.  Its  minimum  corresponds  to  a  lean  mixture  {(j)  =  0.8). 

Conclusion 

The  detonation  in  gaseous  NM  and  NM/O2  mixtures  exhibits  some  special  features, 
as  compared  with  classical  gaseous  explosive  mixtures,  mainly  by  the  existence  of  a 
double  cellular  system,  which  could  be  related  to  a  nonclassical  law  of  energy  release 
rate. 


THE  INITIATION  OF  DETONATION  IN  A  COVERED 
EXPLOSIVE  CHARGE  PENETRATED  BY  A  PROJECTILE 

Fang  Qing,  Wei  Yuzhang,  Gao  Wen 

Laboratory  for  Shock  Wave  and  Detonation  Physics  Research,  Southwest  Institute  of  Fluid 
Physics,  P.O.  Box  523,  Chengdu,  Sichuan,  610003  China 


Using  a  two-stage  light  gas  gun,  we  conducted  experiments  on  the  initiation  behavior 
of  covered  explosive  charges  penetrated  by  a  projectile.  The  projectile  launched  by  the 
gas  gun  induced  EM  pulse  signals  while  flying  through  inductive  transducers,  then 
triggered  a  high-resolution  streak  camera  to  record  the  flash  signal  as  the  detonation 
wave  emerged  on  the  surface  of  explosive  charge. 

The  experimental  set-up  is  shown  in  Fig.  1 .  On  one  side  of  the  RHT-901  (TNT/RDX 
=  40/60)  charge,  a  stripe  of  explosive  was  attached.  If  the  charge  detonated  or  a  high 
pressure  pulse  appeared,  an  outward-propagating  detonation  wave  in  the  explosive 
stripe  would  be  induced,  punching  the  blind  hole  at  the  cover.  The  cylindrical  projec¬ 
tile  was  of  diameter  16.2  mm,  with  the  conical  head  with  cone  angle  83°.  The  thickness 
of  the  steel  cover  was  6  mm.  An  experimental  record  corresponding  to  the  projectile 
velocity  of  3.0  km/s  is  shown  in  Fig.  2. 

The  experimental  results  show  that  the  cylindrical  steel  projectiles  of  mass  26  g 
can  initiate  the  RHT-901  charge  covered  with  a  6  mm  thick  steel  plate,  if  its  veloc¬ 
ity  is  greater  than  1.66  km/s.  The  experiments  have  demonstrated  that  the  initiation 
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Figure  1:  Experimental  set-up;  1  projectile  sabot;  2  paraffin  wax;  3  projectile;  4  sabot 
separator;  5  flange  plate;  6  mount;  7  steel  cover;  8  RHT-901  charge;  9  mirror;  10 
inductive  transducer;  11  explosive  stripe;  12  vacuum  mire;  13  window  to  camera;  14 
target  chamber. 


\ 


Figure  2:  The  optical  record  of  the  experiment  with  a  sharp-headed  projectile  at 
velocity  3.0  km/s. 
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behavior  of  covered  RHT-901  charges  impacted  by  flat-head  cylindrical  projectiles  can 
be  described  by  the  Jacob’s  initiation  criteria  [1). 


Figure  3:  The  numeiical  simulation  of  the  initiation  process  of  covered  explosive  charge 
penetrated  by  a  sharp-headed  cylindrical  projectile  at  3.0  km/s. 


The  numerical  calculation  was  carried  out  by  the  HELP  hydrodynamic  code,  where 
the  forest-fire  reaction  rate  and  linear  mixing  assumptions  were  employed  for  the  re¬ 
active  flow  modeling,  the  'WL  or  HOM  equation  of  state  was  used  for  the  detonation 
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Table  1;  Critical  velocity  of  projectile  for  initiating  the  covered  explosive  charge. 


piojcclilc 

the  steel  cover 

piojeciile  velocity/(kni/s) 

calculated  and  observed 

size/mm 

thickness/nun 

calculation 

e.Kperiment 

lesnits 

1^16.2  X  1G.2  flat  head 

14 

2.14 

2.14 

initiation 

(^16.2  X  16.2  flat,  head 

14 

1.96 

1.97 

no  reaction 

1^16.2  X  16.2  flat  liead 

6 

1.3 

1.66 

initiation 

4)16.2  X  16.2  flat  liead 

6 

1.2 

no 

no  reaction 

016.2  cone  angle  83° 

6 

3.0 

3.0 

initiation 

016.2  cone  angle  83° 

6 

2.9 

2.3 

no  reaction 

spheiical  i?.9.2‘t7 

6 

2.4 

no 

initiation 

spheiical  719. 247 

6 

2.3 

no 

no  reaction 

products,  and  so  were  the  Griineisen  equation  calibrated  with  respect  to  the  shock  adi- 
abat  for  the  unreacted  explosive  and  the  Tillotson  equation  of  state  for  metals.  Note 
that  we  employ  the  parameters  of  explosive  Comp.B  in  the  following  calculation  instead 
of  that  of  RHT-901. 

The  results  of  numerically  simulated  initiation  process  of  Comp.B  explosive  charge 
impacted  by  a  sharp-headed  cylindrical  projectile  at  the  velocity  of  3.0  km/s  are  shown 
in  Fig.  3.  They  coincide  with  the  experimental  observations. 

Table  1  shows  the  calculated  critical  velocities  for  steel  projectiles  with  different 
heads  compared  with  the  experimental  data.  It  is  concluded  that,  because  of  the 
lateral  rarefaction  wave,  the  impact  pressure  incident  onto  the  charge  is  much  lower  for 
the  projectile  with  a  sharper  head,  so  that  a  much  higher  critical  velocity  is  required. 
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EXCITATION  OF  THE  EXPLOSION  OF  INITIATING 
EXPLOSIVES  BY  PULSES  OF  FAST  ELECTRONS 

S.  M.  Ryabykh,  V.  P.  Zhulanova,  V.  G.  Shakhovalov, 

N.  V.  Holodkovskaya 

Kemerovo  State  University,  Kemerovo,  Russia 

Excitation  of  explosions  in  a  number  of  initiating  explosives  (azides  of  lead,  silver 
and  cadmium,  lead  styphnate,  mercury  fulminate)  by  pulses  of  fast  electrons  has  been 
studied.  Two  accelerators  generating  electron  pulses  of  two  types  were  used:  single 
pulse  of  controlled  duration  (5-25)  •  10~®  s  and  a  sequence  of  pulses  of  duration  5  -10“® 
s  and  frequency  200  s~l.  The  energies  of  fast  electrons  were  0.3  MeV  and  2.5  MeV,  the 
integral  energies  of  pulses  were  within  0.01-1  J/cm^  and  (0.3-8)- 10  J/cm^,  respectively. 
Pressed  tablets  of  initiating  explosives  of  height  exceeding  '  he  electron  mean  free  path 
were  used.  Ignition  delay  times  were  determined  by  measuring  the  kinetic  and  optical 
absorption  during  the  explosive  decomposition. 

The  results  obtained  are  as  follows: 

1.  With  electron  pulses  of  10“^  s  duration,  heavy  metal  azides  (IIMA)  were  excited 
to  produce  an  explosion,  while  all  the  rest  of  the  initiating  explosives  failed  to 
explode.  The  ignition  delay  time  was  lO'^^-lO"®  s.  With  electron  pulses  of 
lO"®  s  duration,  all  the  tested  materials  exploded.  By  their  degrees  of  stability, 
they  ranked  conversely  to  the  previous  test  results,  e.g.,  mercury  fulminate  and 
lead  styphnate  were  found  to  be  less  stable,  while  silver  azide  is  the  most  stable 
(Fig.  1).  The  ignition  delay  times  were  within  5-80  /is. 

2.  The  critical  parameter  for  excitation  by  10“*^  s  pulses  is  the  integral  energy  of 
pulse,  while  for  excitation  with  10"*"  s  it  is  the  radiation  power  I  =  Efr  (t  is  the 
pulse  duration). 

3.  Two  critical  values,  Ei  and  Eo,  were  found  to  exist.  For  pulse  energies  E  <  E\, 
the  explosion  was  not  initiated  irrespective  of  the  number  of  pulses,  while  for 
E  >  E2  the  explosion  was  always  initiated  by  the  very  first  pulse.  In  the  range 
El  <  E  <  E2,  under  irradiation  by  successive  pulses,  the  explosion  could  be 
initiated  by  any  pulse  at  random,  its  probability  increasing  with  the  pulse  energy. 

4.  When  the  temperature  of  the  irradiated  samples  was  lowered  to  77  K  at  fixed 
integral  energy  of  the  pulse,  the  ignition  delay  time  did  not  change  significantly 

(Fig.  2). 

The  experimental  data  obtained  allowed  us  to  conclude  that  in  the  latter  case  the 
process  of  explosion  excitation  is  of  nonthermal  nature.  First,  both  calculations  in  the 


389 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


adiabatic  approximation  and  direct  measurements  showed  that  the  temperature  rise 
in  the  irradiated  samples  did  not  exceed  10-50  K,  and,  secondly,  the  decrease  of  the 
temperature  to  77  K  did  not  significantly  change  the  ignition  delay  time. 

Based  on  these  observations,  the  region  of  increased  concentration  of  electron  ex¬ 
citations  generated  by  irradiation  of  an  almost  unexcited  atom  subsystem  has  been 
suggested  as  a  model  of  initiation  site.  It  may  be  viewed  as  an  analog  of  electron-hole 
droplets  in  semiconductors. 

To  create  such  regions  via  homogeneous  generation  of  electron  excitations  in  the 
bulk  of  the  crystal  of  initiating  explosives,  the  excitations  must  have  a  sufficiently  long 
life  time,  be  mobile  enough,  and  have  appreciable  mutual  binding  energy  For  azides, 
all  these  above  requirements  are  fulfilled.  The  electron  excitations  are  the  thermaUzed 
zone  electrons  and  holes  generated  by  irradiation.  At  their  effective  masses  0.5  and 
3.5  and  lifetimes  ca  10~®  s,  their  free  paths  are  large  enough  for  them  to  contribute 
to  the  formation  of  the  initiation  site  by  their  successive  attachment  to  a  growing 
site.  The  mutual  binding  energy  of  excitons  in  an  electron-hole  droplet  is  close  to  the 
dissociation  energy  of  excitons,  which  is  of  the  order  of  0.1  eV  in  HMA.  Therefore,  the 
above  process  is  likely  to  take  place  in  HMA.  Since  there  is  no  experimental  data  for  the 
other  explosives  studied,  our  suggestion  is  true  only  when  the  above  requirements  are 
satisfied.  Further,  we  assume  that  a  region  of  increased  concentration  of  electron-zone 
excitations  becomes  an  initiation  site  when  this  concentration  exceeds  a  critical  value. 

Based  on  the  experimental  data  on  the  changes  in  the  degree  of  stability  due  to 
irradiation  by  pulses  of  various  durations,  we  conclude  that  the  formation  of  excited 
states  and  the  growth  of  initiation  sites  in  azides  proceeds  faster  than  in  other  tested 
materials  but  they  have  a  short  life  time.  Hence,  the  higher  stability  of  silver  azide 
with  respect  to  pulsed  irradiation  can  be  attributed  to  the  weak  intensity  of  a  single 
pulse  and  the  decomposition  of  excited  states  by  the  beginning  of  the  next  one.  As  for 
lead  styphnate,  mercury  fulminate,  and  potassium  picrate  the  generation  and  growth 
of  an  initiation  site  proceeds  slower,  which  explains  why  there  is  no  explosion  under 
irradiation  by  lO-**  s  pulses. 

The  characteristic  parameters  (rate  constants  of  certain  reactions,  the  critical  values 
of  E  and  /,  the  concentration  of  excitations)  were  determined  by  numerical  simulation. 
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THEORETICAL  AND  EXPERIMENTAL  INVESTIGATION  OF 
DEFLAGRATION  TO  DETONATION  TRANSITION  IN 
REACTIVE  GAS  MIXTURES  IN  CLOSED  VESSELS  AND 
LAYERS  WITH  FREE  BOUNDARIES 

N.  N.  Smirnov,  I,  I.  Panfilov,  M.  V.  Tyurnikov,  A.  G.  Berdyuguin 

Department  of  Mechanics  and  Mathematics,  Moscow  State  University,  Moscow,  119899  Russia 


Experimental  and  theoretical  investigations  of  the  onset  of  detonation  were  con¬ 
ducted  by  many  authors  [1-11]  and  great  progress  has  already  been  achieved.  This 
paper  presents  the  results  of  numerical  and  experimental  investigation  of  the  process 
of  deflagration  to  detonation  transition.  It  is  shown  that  both  regimes  of  deflagration 
to  detonation  transition  and  regimes  including  deflagration  waves  lagging  behind  the 
shock  waves  are  possible.  Several  types  of  flow  patterns  of  deflagration  to  detona¬ 
tion  transitions  are  determined  theoretically  and  experimentally.  Stability  of  one-  and 
two-dimensional  detonation  waves  is  investigated.  It  is  shown  that  one- dimensional  pul¬ 
sations  in  the  symmetrical  case  with  free  boundaries  cause  strong  transverse  pulsations. 


Mathematical  Model 


Here,  we  model  the  evolution  of  an  initially  quiescent  combustible  mixture  inside  a 
tube,  bounded  by  plane,  rigid,  noncatalytic  walls.  Our  study  is  based  on.  the  standard 
mathematical  model  of  nonsteady  flow  of  a  reactive  viscous  heat-conducting  gas.  The 
governing  set  of  equations  has  the  form 


and 


dph 

dt 


dt 


d-  divpu  =  0, 


dp6 

dt 

dpY, 

dt 

dpu 

dt 


-f  divp5w  =  div(/)£)grad5)  -  ws, 
(iivpYju  -  divi.oDgradVi)  -  w, 
-f  divpu  •  it  =  -gradp  -|-  div J, 


(1) 

(2) 

(3) 

(4) 


dp 


div/j/iu  =  Affw  d-  div(Jw  d-  AgradT  +  pTB^^  Cpjgradl'j)  +  (5) 


;=i 


where  p,  u,  p,  T  are  the  density,  velocity,  pressure,  and  temperature  of  gas  mixture, 
respectively;  Yi,  rtii,  Cp,  (i  =  1,2  are  the  mass  concentration,  molar  mass,  and  specific 
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heat  at  constant  pressure  of  the  i-th  component;  h  —  is  the  total 

mixture  enthalpy  per  unit  mass;  p,  A,  D  are  the  transport  coefficients  (viscosity,  thermal 
conductivity  and  diffusivity,  respectively);  AH  is  the  heat  release;  J  is  the  viscous 
stress  tensor  with  components  |j  |1,  divJ  is  the  vector  with  components 
k  =  1,2,3;  divpu  ■  u  is  the  vector  with  components  '^ipv^v^,  k  =  1,2,3. 

Parameter  o  characterizes  the  part  of  the  induction  period  left  before  the  explosion. 

The  chemical  kinetics  is  modelled  by  a  two-stage  mechanism  involving  an  induction 
period,  when  6  changes  from  1  to  0  at  the  rate  ws  =  Ksp  ■  exp{-EslRT)  and  an 
exothermic  stage  with  the  rate  of  reaction  w  =  KpYipx(~S)  ■  exp(~Ea/RT),  where 
Ea,  Es  are  the  activation  energies,  and 


xi^) 


0,  if  2  <  0; 
1,  if  2  >  0. 


The  assumption  that  each  component  of  the  combustible  mixture  has  the  molar 
mass  m;  and  obeys  the  ideal  gas  equation  of  state 


Yi 


(6) 


combined  with  Tj  =  li  closes  the  set  of  Eqs.  (1)  to  (5). 


One-Dimensional  Model 


We  consider  a  one-dimensional  planar  flow  of  a  reactive  viscous  heat-conducting 
gas  mixture  bounded  by  plane  solid  noncathalytic  walls  at  a;  =  0  and  x  ~  L.  It  is 
more  convenient  to  study  the  set  of  Eqs.  (1)  to  (5)  in  Lagrangian  coordinates  q{x,t)  = 

Jo  coordinates  {q,t)  are  particularly  useful  in  the  zone  of  large  density 

gradients. 

Note  that  we  can  introduce  several  characteristic  times  of  the  process:  the  acous¬ 
tic  time  ta  =  L/ai,  the  conduction  time  =  i^(Ai//3iCpj)"\  the  induction  time  tj  = 
{Ksp)~^  exp{Es/RT],  and  the  characteristic  timeofheat  release  <e  =  {Rp)~^  Gxp{Eaf  RT). 

The  scaling  parameters  of  the  system  are  the  following: 


Re  = 


P\(>'\L 

P\ 


Pr 


AH 


PlCpl 

'X'’ 

Cp2 


Sc  — ■ 


Pi 

PiDx 


Os  = 


Es 


RunT\  ’ 


E 

_  ■^<1  - 

"n  ^  ^ x 

liun-^\  ^pl-^1  ^pl  *%] 


Dae  =  — ■ 
tel 


(7) 


are: 


The  dimensionless  initial  and  boundary  conditions  for  the  case  of  forced  ignition 

t  =  0  :  0  <  <?  £  go  '•  w  =  0,  p  =  1,  T  =  rj,  Y,  =  0,  5  =  0, 

go  <  g  <  1  :  u  =  0,  p  =  I,  T  =  1,  Ei  =  1,  6=1.  (8) 
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dYi  dS  dT 

,=  0,  ,  =  u  =  0.  -^=0,  ^  =  0,  -^  =  0. 


Numerical  Results 

The  results  are  displayed  in  terms  of  the  nondimensional  variables 


where  the  suffix  1  pertains  to  the  parameters  of  unreacted  combustible  mixture.  The 
values  of  the  parameters  are  as  follows: 


7i  =  1.4, 


£p2 

Cpl 


1.2,  —  =  C.8,  Rei  =  10®,  Pri  =  Sci  =  0.72, 

m2 


— —  =  10:  Da,  exp  =  Dagexp^?,.  =  10®. 

Figure  1  corresponds  to  a  transition  where  the  detonation  forms  at  the  contact 
surface  that  forms  in  the  zone  of  compressed  gas  between  the  leading  shock  and  flame 
front.  This  contact  surface  may  result  from  the  shock  collision  in  front  of  the  flame 
zone,  when  the  ignited  zone  of  gas  is  located  at  some  distance  from  the  closed  end  of 
the  tube  and  the  weak  shock  wave  reflected  from  the  wall  {x  =  0)  overtakes  the  leading 
shock.  Figure  3  shows  the  pressure  and  temperature  profiles  for  various  times.  The 
sharp  temperature  rise  (dashed  curve)  up  to  T  ~  10  takes  place  in  the  flame  zone.  A 
contact  surface,  clearly  seen  on  the  temperature  profiles,  exists  between  the  flame  zone 
and  the  leading  shock  at  times  t  >  ts.  The  zone  between  the  leading  shock  and  the 
contact  surface  has  a  higher  temperature.  Thus,  the  induction  period  in  tins  zone  is 
shorter  than  between  the  flame  front  and  the  contact  surface.  The  first  explosion  takes 
place  in  the  layer  of  gas  that  has  been  at  the  higher  temperature  for  the  longest  time, 
i.e.  in  the  gas  layer  adjoining  the  contact  surface.  This  gives  rise  to  two  detonation 
waves  propagating  in  opposite  directions.  The  intensity  of  the  retonation  (reverse  det¬ 
onation)  wave  drops  on  entering  the  reaction  products  afterwards.  The  leading  forward 
detonation  wave  propagates  towards  the  leading  shock.  After  it  interacts  with  the  lead¬ 
ing  shock,  an  overdriven  detonation  enters  the  “cold”  mixture.  This  wave  decelerates 
to  the  Chapman-Jouguet  speed.  Our  numerical  experiments  show  tiuit  the  kinetic  pa¬ 
rameters  and  the  initial  preignition  state  determines  where  the  contact  surface  between 
the  reaction  front  and  the  leading  shock  is  located  at  the  moment  of  explosion.  Thus, 
the  onset  of  detonation  may  be  located  either  in  the  vicinity  of  the  flame  front  or  close 
to  the  leading  shock. 
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Figure  1:  Computed  pressure  and  temperature  profiles  at  dilTerent  times  for  the  case 
of  deflagration  to  detonation  transition. 


Two-Dimensional  Model 

Although  one-dimensional  models  are  very  helpful  in  describing  detonation  phe¬ 
nomena  there  exist  some  peculiarities  suJi  as  transverse  pulsations,  wave  curvature 
and  lateral  expansion  in  explosions  with  free  boundaries,  that  can  be  simulated  only 
within  the  framework  of  multidimensional  models.  In  this  part  of  the  paper  we  deal 
with  the  detonation  in  the  layer  of  finite  thickness  with  free  boundaries.  The  plane 
detonation  wave  formed  in  a  duct  with  fixed  boundaries  at  <  =  0  enters  the  layer  of  the 
same  gas  mixture  with  free  boundaries.  In  this  case  the  mathematical  model  (l)-(5) 
can  be  simplified  by  neglecting  the  effects  of  molecular  transport.  The  set  of  equations 
was  solved  using  the  modified  Godunov  scheme  [12],  which  provides  sufficient  accuracy 
in  solving  the  problems  of  multidimensional  reactive  flows  [13,  14).  Two  groups  of  ki- 
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netic  parameters  Ea,  Ea,  k,  v/ere  chosen  for  two  types  of  self-sustaining  wave  flow 
patterns:  1)  the  induction  zone  is  substantially  narrower  than  the  reaction  zone;  2)  the 
induction  zone  behind  the  leading  shock  is  much  wider  than  the  reaction  zone. 


X,  nun 


X,  ram 


Figure  2. 


Figure  3. 


The  self-sustaining  detonation  velocity  depends  on  the  half-thickness  of  the  com¬ 
bustible  layer  for  both  types  of  detonation.  For  the  layers  of  smaller  thickness  than 
the  first  critical  value  {H“),  the  detonation  wave  slows  down.  If  the  layer  thickness  H 
exceeds  the  second  critical  value  (/f**),  the  detonation  wave  breaks  into  a  shock  wave 
and  a  combustion  zone  lagging  behind  the  shock.  It  is  seen,  that  for  the  detonation 
wave  with  kinetics  of  type  II  the  breaking  occurs  earlier  (if/J  >  Hy). 
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X,  nun 


Figure  4. 


Figure  5. 


The  flow  pattern  for  the  detonation  with  kinetic  parameters  of  type  II  turns  out 
to  be  unstable  and  exiiibits  strong  transverse  pulsations  originating  in  the  symmetrical 
flow  as  a  result  of  one-dimensional  pulsations  of  the  initial  plane  detonation  wave  in 
the  bounded  duct. 

Experimental  Results  Experimental  investigations  of  deflagration  to  detona¬ 
tion  transition  in  a  hydrocarbon-air  mixture  were  carried  out  in  a  scjuare  duct  of  cross 
section  25  mm  x  25  :mn.  The  flow  was  visualized  by  a  laser  sclilieren  method. 

In  the  end  part  of  the  transition  section  {L  -  1690  mm),  a  variety  of  deflagra¬ 
tion- to-detonat  ion  transitions  occurs.  Figures  2  to  5  illustrate  difTerent  types  of  flow 
patterns  in  the  windowed  sections.  The  following  nomenclature  is  used  in  the  figures; 
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1,  2,  3  are  the  primary  shock  waves;  4  is  the  compression  wave;  5  is  the  flame  zone; 
6  is  the  detonation  wave;  7  is  the  retonation  wave;  8  are  the  waves  resulting  from 
the  reflection  of  the  detonation  wave  from  the  tube  walls;  9  are  the  contact  surfaces 
resulting  from  shock  wave  interactions,  10  are  the  spontaneous  flames,  originating  at 
the  contact  surfaces;  11  are  the  first  characteristics  of  rarefaction  waves  resulting  from 
shock  wave  interaction;  the  velocities  of  waves  in  meters  per  second  are  printed  in  the 
figures  parallel  to  the  wave  trajectories. 

It  has  been  shown  experimentally  that  several  types  of  transition  processes  are 
possible.  The  first  type  (Fig.  2)  is  as  follows:  the  detonation  wave  originates  in  the 
flame  zone,  rapidly  accelerates  and,  after  the  interaction  with  the  leading  shock,  forms 
a  strong  detonation  wave  which  slows  down  to  the  Chapman- Jouget  regime.  In  the 
second  type  (Fig.  3),  the  detonation  originates  at  the  contact  surface  located  between 
the  leading  shock  and  the  flame.  This  local  explosion  gives  rise  to  the  detonation  and 
retonation  waves.  The  third  type  (Fig.  4)  starts  with  ignition  at  the  contact  surface 
between  the  flame  zone  and  the  leading  shock.  Turbulent  combustion  leads  to  the  onset 
of  detonation  and  retonation  waves.  The  fourth  type  (Fig.  5)  involves  rapid  ignition  at 
several  locations  ahead  of  the  flame  zone  leading  to  the  onset  of  the  detonation  wave. 
In  the  latter  case,  the  flow  pattern  is  similar  to  bulk  explosion  or  spontaneous  flame. 

The  financial  support  of  Russian  Foundation  for  Fundamental  Research  (Project 
No. 94-03-08613)  is  acknowledged. 
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THE  NON-UNIFORMITY  OF  CONCENTRATION  AS  A  CAUSE 
OF  DETON  ABILITY- IN  A  GASEOUS  MIXTURE 

I.  Sochet,  A.  Reboux,  J.  Brossard 

Laboratoire  de  recherche  Universitaire  —  Universite  d’Orleans,  63  Avenue  de  latlre  de 
Tassigny,  18020  Bourges  Cedex,  Prance 


The  basic  objective  of  this  paper  is  to  define  and  anticipate  the  detonability  condi¬ 
tions  of  a  nonstationary  concentration  gradient  of  an  explosive  gaseous  mixture  diluted 
with  air.  Following  the  well-known  paper  of  Zel’dovich  et  al.  (1970),  the  Russian  re¬ 
search  team  has  strongly  contributed  to  the  knowledge  of  the  DDT  of  spatially  nonuni¬ 
form  explosive  inixtures.  Several  co-workers  including  Gelfand,  Fiolov,  Makhviladze, 
Tsyganov  [2,  3,  4]  have  proposed  and  validated  criteria  based  upon  the  Zel’dovich 
criterion.  Numerous  important  calculated  results  have  confirmed  the  main  idea.  Un¬ 
fortunately,  the  experimental  results  are  not  so  numerous  because  it  is  difficult  to  c.’eate 
a  well-defined  spatial  nonuniformity  especially  that  of  the  gaseous  explosive  mixture 
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Figure  1:  Critical  time  delay  versus  initial  charge  radius  for  a  spatially  nonuniform 
mixture. 


concentration.  Recent  experimental  results  are  briefly  presented  and  similarity  relation¬ 
ships  are  deduced  for  the  case  of  propane-oxygen-helium  mixture  diffusing  in  air.  All 
the  results  are  justified  by  means  of  an  advection-diffusion  model.  This  paper  outlines 
a  criterion  which  establishes  the  conditions  required  for  the  transition  to  detonation  in 
a  spatially  nonuniform  gaseous  mixture. 

The  laboratory-scale  experiments  were  conducted  at  room  temperature  and  atmo¬ 
spheric  pressure.  The  explosive  gaseous  mixture  was  introduced  into  a  hemispherical 
soap  bubble  confinement.  The  diffusion  of  the  initially  uniform  mixture  followed  until 
the  rupture  of  the  confinement.  The  stoichiometric  propane-oxygen-helium  composi¬ 
tion  (CsHs  +  5O2  +  ’FHe,  7  =  0,  1,  3)  diffused  in  the  surrounding  quiescent  air  yielding 
a  spatially  nonuniform  and  nonstationary  explosive  mixture.  After  the  rupture  of  the 
confinement,  the  time  delay  At  during  which  the  detonation  was  not  observed,  was 
investigated.  The  detonation  was  initiated  by  means  of  a  bursting  wire  located  on 
a  plane  surface.  Figure  1  shows  the  critical  time  delay  At  for  the  initiation,  which 
corresponds  to  the  domains  of  deflagration  and  detonation  as  functions  of  the  charge 
radius  Rq.  In  this  case,  the  critical  energy  equals  to  288  J  for  a  spherical  geometry,  was 
released  at  the  center  of  the  initial  charge.  The  symmetrical  propagation  of  the  initial 
perturbation  occured  along  the  negative  gradient  of  reactivity.  Further  experiments 
were  conducted  with  an  off-center  igniter  location  (5j  and  confirmed  the  effect  of  the 
gradient  of  reactivity  on  the  detonability.  Two  similarity  relationships  follow  directly 
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r/Ro 


o 


Figure  2:  Calculated  a)  mass  fraction  and  b)  nondimensional  derivative  of  mass  fraction 
with  respect  to  radial  distance  of  explosive  mixture  in  air  versus  nondimensional  radial 
distance  at  critical  time  delay. 


from  these  experimental  results.  The  first  similarity  relationship  allowed  us  to  predict 
the  initiation  delay  as  a  function  of  the  initial  charge  radius  for, a  given  gaseous  mixture 
and  for  a  given  critical  energy  A<2  =  ^ti{Ro2/ Roi)^  where  a(T)  is  a  function  of  the 
helium  fraction  Y.  The  second  similarity  relationship  was  used  to  predict  the  initiation 
delay  as  a  function  of  the  helium  fraction  Y  in  the  explosive  mixture  for  a  given  critical 
energy  and  an  initial  charge  radius:  At^y')  -  aRo^t'{Y)- 

If  we  assume  that  the  critical  time  delay  determines  the  spatial  dilution  distribution 
of  the  '•eactive  medium,  the  same  similarity  relationships  are  clearly  confirmed  by  the 
advection-diffusion  model  [6],  which  yields  the  distributions  of  concentration  u/p  and 
gradient  du>pldr  at  the  time  At  just  before  the  explosion.  Such  a  f ’’^lilarity  is  reported 
in  Fig.  2.  We  represent  the  mass  distribution  of  the  fraction  of  stoichiometric  propane- 
oxygen  r.uxture  diluted  in  air  on  the  plane  versus  the  nondimensional  radial  distance  for 
various  initial  charge  radii  and,  consequently,  for  various  critical  time  delays.  All  the 
curves  u>p{rf  Ro)  and  dup{r  j Rq)  j d{r j Rq)  merge  into  one.  The  possibility  to  create  the 
detonation  of  the  nonuniform  gaseous  mixture  is  directly  linked  to  the  concentration 
gradient.  If  the  time  of  the  explosive  mixture  dilution  is  greater  than  the  critical 
time  delay  At,  the  local  gradient  of  reactivity  is  not  sufficient  for  a  DDT:  the  burnt 
gas  expansion  cannot  intensify  the  shock  wave.  The  nondimensional  derivative  of  the 
mass  fraction  versus  the  radial  distance,  Rodu/p/dr,  (Fig.  2)  shows  a  maximum  located 
near  the  initial  charge  radius.  The  peak  abscissa  is  close  to  the  critical  radius  Rc  of 
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detonation  [5]  which  is  defined  by  Ec  =  E„{r)r^  dr  «  47rE„(Rc)-Rc^,  where 

the  energy  of  reaction  per  unit  volume  varies  as  a  function  of  u)p  at  any  point  and 
any  time.  In  fact,  the  experiment  matches  the  three  fundamental  initial  parameters  Rq, 
Ec  and  At  (or  the  initial  reactivity  distribution),  so  that  the  critical  radius  Rc  <  Rq- 
Zel’dovich  showed  clearly  the  existence  of  three  possible  regimes  of  the  develop¬ 
ment  of  chemical  reaction  in  a  nonuniformly  preheated  gas.  The  nonuniformity  was 
characterized  by  a  linear  temperature  [1,  7]  or  concentration  [8,  4]  distribution.  These 
regimes  were  defined  by  the  propagation  velocity  of  the  intensive  reaction  zone,  cal¬ 
culated  in  terms  of  the  inverse  gradient  of  the  induction  period.  In  other  words,  the 
shock  strength  was  directly  linked  to  the  slope  of  the  temperature  distribution.  The 
expressions  of  detonation  and  spontaneous  flame  velocities  [2,  3,  4]  were  based  on  the 
initial  conditions  and  particularly  on  the  initial  temperature  which  was  of  the  order  of 
1000  K.  This  temperature  is  very  different  of  the  temperature  used  in  our  experiments 
(~  300  K)  and  the  strong  ignition  modified  the  upstream  flow  field.  Consequently,  the 
spontaneous  flame  velocity  suggested  by  Makhviladze  et  al.  [4]  could  not  be  used.  So, 
our  local  criteria  of  detonation  differ  from  that  proposed  by  Zel’dovich  et  al.  [1-3,  7, 
8]  and  Makhviladze  et  al.  [4]. 

The  first  approach,  to  define  a  detonation  criteria  of  a  spatially  nonuniform  con¬ 
centration  gaseous  mixture,  based  upon  the  similarity  of  experimental  and  theoretical 
results,  leads  to  the  following  fundamental  remarks; 

i)  the  existence  of  the  critical  concentration  gradient  as  defined  by  the  Zel’dovich 

criteria  has  been  clearly  confirmed, 

ii)  the  formulation  in 'terms  of  the  spontaneous  flame  velocity  cannot  be  directly 

applied  in  the  case  of  nonproheated  gas; 

iii)  the  critical  radius  of  detonation  seems  to  be  close  to  the  point  where  Rodu)pldr  is 

maximum. 
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THE  PHYSICAL  FACTORS  FAVORING  THE  DEVELOPMENT 
OF  EXPLOSION  IN  THE  REACTION  PRODUCTS  -  UNBURNED 

GAS  SYSTEM 

V,  A.  Subbotin 

Lavrent’uev  Institute  of  Hydrodynamics,  Novosibirsk,  630090  Russia 

Most  studies  of  shockless  (weak  or  “soft”)  development  of  explosion  and  detonation 
in  gaseous  combustible  mixtures  deal  with  the  flow  of  hot  reaction  products  out  of 
tube  (of  a  prechamber)  into  a  volume  of  cold  gas.  The  turbulent  mixing  and  SWACER 
mechanisms  have  been  proposed,  based  on  such  experiments  [l].  The  two  factors  re¬ 
quired  to  activate  these  mechanisms  are  of  physical  and  chemical  nature.  Here,  the 
physical  factor  is  formation  of  large-scale  eddies  in  the  unburned  gas.  The  chemical 
factor  is  the  positive  radial  field  of  gradient  of  the  ignition  delay  time,  gradr,  in  the 
vortices  generated  in  the  process  of  mixing  of  the  hot  and  cold  gases.  Ya.  B.  Zel’dovich 
et.  al.  [2]  were  the  first  to  point  to  the  possibility  of  fast  development  of  detonation 
in  the  direction  of  gradr  under  certain  conditions.  This  phenomenon  has  been  exten¬ 
sively  investigated  (3),  being  known  as  “the  gradient  mechanism”,  “selfignition  wave”, 
“spontaneous”,  or  “induction”  flame. 

The  peculiarity  of  the  reaction  products  -  unburned  gas  system  is  the  substantial 
difference  in  the  densities  of  its  components.  In  the  two-fluid  model  of  [4],  this  physical 
factor  is  included,  and  the  possibility  of  generating  an  explosion  in  the  mixture  of 
fragments  of  the  hot  and  cold  gases  is  demonstrated.  Experimentally,  the  mixture  of 
fragments  (MF)  may  be  produced  by  turbulence.  Two  other  efficient  methods  for  the 
preparation  of  MF  are: 

(1)  the  above  method  using  a  hot  gas  flow  out  of  a  prechamber,  and 

(2)  the  mixture  ignition  by  the  efflux  of  hot  reaction  products  into  the  volume  from 

the  ;  eriphery  of  the  detonation  wave  after  its  passing  through  a  crevice. 
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Figure  1:  a)  Shape  of  the  crevice;  1  —  orifice,  2  —  crevice,  3  —  baffle  between  crevice 
and  volume,  b)  SWi,  CFi  —  primary  complex:  shock  wave  -  combustion  front,  SW2, 
CF2  —  secondary  complex,  MF  —  mixture  of  fragments. 

Method  2  was  first  applied  in  (5,  6). 

Experiments  using  the  second  method  of  mixture  preparation  were  conducted  in 
a  dist  chamber  with  a  crevice  at  its  periphery.  The  chamber  was  made  of  two  rings, 
90  mm  in  inner  diameter,  glued  together.  One  ring  was  9.5  mm  thick  plexiglass,  and 
the  other  was  0.7  mm  thick  rubber.  The  crevice  of  outer  radius  equal  to  54  mm  was 
formed  by  taking  rubber  off  the  plexiglass.  The  crevice  shape  is  shown  in  Fig.  la.  This 
sandwich  (plexiglass  +  rubber)  was  clamped  between  two  cylindrical  glass  plates  120 
mm  in  diameter. 

The  process  in  the  chamber  was  initiated  by  the  entry  of  a  detonation  wave  through 
a  3.5  mm  diameter  orifice  drilled  in  the  plexiglass  ring.  In  the  vicinity  of  the  outlet,  the 
detonation  wave  decayed  into  the  primary  complex  consisting  of  a  shock  wave  (SW) 
and  a  combustion  front  (CF).  High-speed  schlieren  photographs  of  the  process  in  the 
2H2  -}■  O2  mixture  at  po  =  0.28  MPa  are  presented  in  Fig.  lb.  The  detonation  in  the 
crevice  developed  in  t  —  40  /is  after  its  entering  the  chamber.  Its  characteristics  were 
as  follows:  the  angular  velocity  u;  =  5600  rad/s,  the  tangential  velocities  Vi  =  2500 
m/s  and  V2  =  3000  m/s  at  the  inner  and  outer  boundaries  of  the  clearance,  and  the 
theoretical  Dc-j  =  2830  m/s.  The  detonation  wave  in  the  crevice  is  not  visible  and 
its  existence  is  registered  due  to  the  secondary  SW-CF  complex  diverging  from  the 
clearance.  Their  velocities  were  ss  0.34,  Fj  «  850  m/s,  and  Vcj  ^  450  m/s. 
Frame  1  in  Fig.  lb  corresponds  to  t  =  72  /is,  and  the  time  interval  between  frames  is 


404 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


At  =  16  fis.  As  evident  from  frames  1  and  2,  the  secondary  SW  propagates  ahead  of  the 
primary  one  and  its  origin  is  not  related  to  the  autoignition  wave  [3].  MF  are  located 
near  the  primary  CF  and  between  the  chamber  wall  and  the  secondary  CF.  Frame  3 
represents  the  instant  when  a  detonation  wave  is  passing  through  the  crevice  section, 
which  is  separated  from  the  chamber  volume,  so  that  SW  and  CF  are  decoupled  near 
the  chamber  wall.  Frame  4  illustrates  detonation  wave  propagation  from  the  crevice 
into  MF  and  an  oval  wave  propagating  into  the  burned  gas.  The  propagation  velocities 
at  the  periphery  of  the  wave  are  close  to  Vj ,  whereas  middle  section  has  a  velocity  about 
1900  m/s.  In  the  last  frame,  one  can  see  a  semicircular  wave  which  arises  in  secondary 
MF  and  propagates  outward  at  the  velocity  2800  m/s.  Note  that,  after  the  passage  of 
this  wave,  the  MF  are  not  completely  burnt  and  only  after  being  affected  by  several 
waves  reflected  from  the  walls,  the  inhomogeneities  indicating  a  fragmentary  structure 
disappear. 

The  above  observations,  together  with  the  experiments  performed  in  planar  ducts, 
where  the  MF  was  obtained  by  the  first  method,  indicate  that  the  detonation  regimes 
can  arise  with  out  the  factors  required  for  the  development  of  detonation  via  the  tur¬ 
bulent  mixing  mechanism.  In  the  case  of  the  initiation  of  detonation  by  a  hot  gas  jet, 
the  key  factors  providing  the  appropriate  mixing  of  gases  have  been  found  to  include: 

(1)  a  supersonic  flow  of  an  unburned  gas  in  the  volume  and 

(2)  the  piston  action  of  reaction  products. 

The  self-ignition  of  gas  in  individual  isolated  volumes  (“hot  spofs”)  has  been  shown  to 
affect  the  process  not  directly  but  rather  through  an  increase  in  the  burning  rate  of 
MF. 

The  results  presented  corroborate  the  mechanism  of  explosion  initiation  by  mixing 
[6].  In  the  theory,  a  similar  approach  to  the  problem  has  been  employed  in  the  work 
[4]  only.  As  regards  applications,  the  process  shown  in  Fig.  lb  may  be  considered  as 
a  physical  model  of  developing  detonation  in  internal  combustion  engines  (“knock”) 
where  squish  volumes  between  the  cylinder  and  the  piston  always  exist.  In  accident 
explosions  one  more  mechanism  for  production  of  MF  may  be  realized,  such  as  mechan¬ 
ical  mixing  by  fans,  propeller  blades  of  helicopters,  moving  vehicles  (such  as  a  railway 
train),  and  so  on. 
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EXPERIMENTAL  INVESTIGATION  OF  DIFFRACTION  OF 
DETONATION  WAVES  IN  CONDENSED  EXPLOSIVES 

Zhao  Tonghu,  Yu  Cluian,  Sun  Chengwei 

Laboratory  for  Shock  Wave  and  Detonation  Physics  Research,  Southxvest  InstiUite  of  Fluid 
Physics,  P.O.Box  523  Chengdu,  Sichuan,  610003  China 

The  experimental  investigation  of  the  diffraction  of  detonation  waves  in  condensed 
explosives  is  presented  in  this  paper.  The  results  show  that  the  diffraction  pattern  of 
detonation  waves  varies  with  the  explosive  sensitivity  and  boundary  condition.  The 
chemical  reaction  rate  in  the  vicinity  of  a  convex  angle  is  low  and  increases  gradually 
with  the  departure  from  the  convex  angle. 

1  Introduction 

Diffraction  is  a  phenomenon  frequently  occurring  in  detonation  propagation.  It  is 
important  for  the  investigation  and  practical  application  of  detonations.  A  number 
of  studies  has  been  dedicated  to  diffraction  of  detonation  waves.  Gibb  [1]  observed 
the  diffraction  of  detonation  waves  passing  round  a  right  angle  and  a  circular  arch  in 
nitromenthane.  Dick  [2]  observed  the  diffraction  of  detonation  waves  passing  round  a 
right  angle  in  the  bare  explosives  X-0290  and  X-0219. 

In  our  experiments,  we  studied  the  diffraction  of  detonation  waves  passing  round  a 
right  angle  in  condensed  explosives  RHT-901  (TNT/RDX  =  40/60)  and  TAOl  (TATB/ 
F2311  =  95/5)  and  showed  that  the  diffraction  pattern  of  detonation  waves  varies  with 
the  explosive  sensitivity  and  the  boundary  condition.  The  chemical  reaction  rate  in  the 
vicinity  of  a  convex  angle  is  small  and  it  increases  gradually  with  the  departure  from 
the  convex  angle. 
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Figure  1:  Experimental  geometry  of  the  diffraction  of  detonation  wave  in  condensed 
explosives.  1.  Detonator;  2.  Case  of  the  detonator;  3.  Booster;  4.  Lens  and  explosive 
column;  5.  A1  plate;  6.  Steel  plate;  7.  Explosive  studied;  8.  A1  base  plate;  9.  PMMA; 
10.  Adhesive  plaster. 

2  Experimental  Technique 

The  experimental  geometry  is  shown  in  Fig.  1.  The  initiation  system  consisted 
of  100-mm  diameter  explosive  lens,  explosive  column  and  A1  plate.  The  rigid  wall  at 
convex  angle  consists  of  a  steel  plate  of  thickness  5  mm.  The  observation  window  made 
of  PMMA  reduced  the  effect  of  lateral  rarefaction  waves  on  the  detonation  wave.  The 
height  of  the  explosives  studied  was  100  mm  and  the  width  was  150  mm.  The  density 
of  TAOl  is  1.888  g/cm^. 

The  flow  patterns  were  recorded  by  a  high-speed  framing  camera  at  10®  f/s.  The 
experimental  error  was  about  ±0.5  mm. 

3  Results  and  Discussion 

The  recorded  patterns  of  detonation  fronts  are  shown  in  Figs.  2  and  3.  The  mean 
curvatures  of  detonation  froius  are  given  in  Table  1. 

3.1.  It  is  seen  from  Figs.  2  and  3  that  although  all  diffractive  fronts  are  in  contact 
with  the  rigid  wall,  the  details  of  patterns  are  diflerent  in  these  two  kinds  of 
explosives.  There  is  a  zone  of  weak  waves  of  partial  reaction  nearby  convex  angle 
in  TAOl  explosive.  There  is  no  zone  of  weak  waves  in  RHT-901  explosive.  It  can 
be  seen  from  Table  1  that  the  curvatures  of  detonation  fronts  are  also  different 
for  these  two  explosives.  The  curvatures  of  detonation  fronts  in  TAOl  are  larger 
than  that  in  RHT-901.  TAOl  is  an  insensitive  explosive  whose  basic  component 
is  TATB  and  the  reactive  zone  in  TAOl  is  wider  than  that  in  RHT-901.  The 
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x,nmi  C 


Figure  2;  Diffraction  pattern  of  a  detonation  wave  in  RHT-901;  1  /is  between 


Figure  3:  Diffraction  pattern  of  detonation  wave  in  TAOl;  2  ps  between  waves; 
denotes  a  weak  wave. 
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Table  1:  Mean  curvatures  (K)  of  detonation  front. 


explosive 

n 

I  1 

II 

III 

IV 

PHT-901 

R  (mm) 

9  - 

26 

41 

56 

K  (1/mm) 

0.067 

0.029 

0.020 

0.016 

TAOl 

R  (mm) 

7 

28 

44 

60 

K  (1/mm) 

0.07 

wmm 

0.020 

0.017 

Note:  n  aie  tlie  numbers  of  de'.oiialion  fronts  in  Pigs.  2  and  3. 
R  is  tlie  distance  from  detonation  fiont  to  vertex  of  convex 
angle  along  the  rigid  wall 


effect  of  rarefaction  waves  which  propagate  from  the  vertex  of  convex  angle  into 
the  explosive  along  the  detonation  front  on  the  patterns  of  reactive  zone  and 
detonation  front  is  different  for  the  two  explosives.  It  is  concluded  that  the 
performance  of  diffraction  wave  pattern  varies  with  explosive  sensitivity. 


3.2.  Dick  [2]  observed  the  diffractive  pattern  of  detonation  waves  in  the  bare  explosive 
X-0290  (TATB/Kel-F  =  95/5),  which  is  similar  to  TAOl,  and  found  a  dead 
zone  of  no  reaction  in  the  pattern.  Comparing  with  our  experimental  results,  we 
conclude  that  the  boundary  condition  has  an  effect  on  the  pattern  of  diffraction. 


3.3.  When  detonation  wave  diffracts,  the  flow  includes  three  zones,  according  to 
Whitham’s  theory  [3]:  (I)  undisturbed  zone,  (II)  disturbed  zone,  and  (III)  con¬ 
stant  zone.  Their  boundaries  are  expressed  as  lines  O'C  and  O'B  respectively  in 
Figs.  2  and  3.  The  line  O'C  is  related  to  the  points  where  the  larger  gradient 
variation  along  the  experimental  wave  begins.  The  fronts  of  diffracting  waves  are 
basically  perpendicular  to  the  rigid  wall  in  Figs.  2  and  3.  Our  analysis  shows 
that  Whitham’s  theory  can  be  used  to  approximately  describe  the  diffraction  of 
detonation  waves. 


3.4.  Bdzil  [4]  has  proposed  the  relationship  between  the  depletion  of  the  reaction 
rate  and  the  normal  velocity  and  the  curvature  of  diverging  detonation  waves. 
The  normal  velocity  and  the  curvature  of  detonation  fronts  were  measured  using 
Figs.  2  and  3.  Then  depletions  were  found  from  the  relationship  given  by  Bdzil. 
From  those  depletions,  we  conclude  that  the  rate  of  chemical  reaction  in  the 
vicinity  of  the  convex  angle  is  small  and  it  increases  gradually  with  the  departure 
from  the  convex  angle. 
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INITIATION  OF  GASEOUS  DETONATION  BY  A 
HIGH-VELOCITY  BODY 

A.  A.  Vasiljev 

Lavrentyev  Institute  oj  Hydrodynamics,  Siberian  Division  of  the  Russian  Academy  of  Sciences, 

Novosibirsk,  630090  Russia 


Professor  Jakov  B.  Zel’dovich,  to  the  memory  of  whom  this  International  Conference 
is  dedicated,  was  the  one  of  the  pioneers  in  application  of  high-velocity  blunt-bodies 
(HVB)  to  experimental  investigation  of  combustion  initiation  in  explosive  gaseous  mix¬ 
tures  [l].  The  theoretical  aspects  of  the  HVB  flying  in  chemically  active  mixtures  are 
widely  investigated  in  the  Institute  of  Mechanics  of  the  Moscow  State  University.  HVB 
may  be  successfully  used  for  supersonic  combustirin  modelling,  e.g.  in  RAM  accelera¬ 
tors. 

The  criterion  for  detonation  initiation  by  HVB  may  be  formulated  as  follows:  the 
work  of  aerodynamic  drag  force  per  unit  length,  when  the  body  moves  through  an 
explosive  mixture,  must  exceed  the  minimum  energy  of  cylindrical  initiation  of  multi¬ 
headed  detonation: 

>  0. 22/3x1, poDlb^,  (1) 

o 

where  Cj.  is  the  aerodynamic  drag  coefficient  of  HVB,  po  is  the  initial  density  of  the 
mixture,  w  is  the  relative  velocity  of  gas  in  respect  to  HVB,  d  is  the  effective  diameter 
of  HVB,  /3  <  1  is  the  efficiency  parameter  (among  distributed  and  point  initiators  [2], 
Do  is  the  ideal  Chapman- Jouguet  detonation  velocity  for  the  specified  mixture,  b  is 
the  longitudinal  size  of  an  elementary  cell  of  a  detonation  wave,  n,  is  the  number  of 
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microexplosions  sufficient  for  initiation  of  the  detonation  wave  (the  model  of  multi-point 
initiation  geometry  [3]). 

Equation  (1)  yields  the  following  relationship  between  the  aerodynamic  character¬ 
istics  of  the  high-velocity  body  and  the  physicochemical  parameters  of  the  gaseous 
explosive  gaseous  mixture: 


d 

7  >  0.75 
b 


\  Cx  J  W  ' 


(2) 


For  a  fixed  initial  pressure  of  explosive  mixture,  the  values  of  Do,  n,  and  b  are 
constant;  therefore,  if  the  shape  of  IIVB  does  not  vary  during  its  fiight,  is  also 
constant  and  the  criterion  for  detonation  initiation  (2)  may  be  represented  as  follows: 


dw  >  const. 


(3) 


In  laboratory  investigations  of  detonation  initiation  by  HVB,  it  is  reasonable  to 
choose  the  most  active  media  (because  of  the  decrease  in  the  critical  initiation  en¬ 
ergy  E2,),  to  increase  the  work  of  aerodynamic  drag  by  increasing  c*  (using  poorly 
streamlined  bodies),  ur  and  the  transverse  dimension  d  of  the  HVB. 

A  cylindrical  projectile  {d  =  7.62  mm)  with  a  hemispherical  or  plane  bow  edge  was 
used  as  a  high-velocity  body  in  these  experimental  studies.  The  HVB  velocity  ranged 
from  800  to  1400  m/s,  that  is  2  or  3  times  lower  than  the  detonation  velocity  Do-  The 
experimental  data  for  €7,112  -b  2.5  O2  mixture  are  shown  in  Fig.  1:  the  dashed  line 
corresponds  to  ^  =  1.0  in  Eq.  (2)  and  the  solid  line  to  (3  -  0.4  (a  distributed  initiator 
exhibits  a  higher  efficiency  as  compared  to  point  initiation).  The  value  of^  =  1  may 
serve  to  predict  the  body  parameters  reasonably  sufficient  for  initiation  of  self-sustained 
detonation. 
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Figure  2. 

The  analysis  of  the  experimental  data  for  other  explosive  mixtures  with  (3  =  OA 
shows  that  they  are  in  good  agreement  with  the  initiation  criterion  (2). 

The  critical  parameters  of  HVB  for  detonation  initiation  are  listed  in  the  Table  for 
some  stoichiometric  explosive  mixtures  at  po  =  1-0  atm  and  w  =  Do' 


Mixture 

Do,  m/s 

b,  mm 

d,  mm 

C2H2 

+ 

2,5  O2 

2424 

03 

0.8 

2H2 

+ 

O2 

2837 

2.6 

7.3 

CH4 

+ 

2O2 

2391 

4.7 

13.2 

C2H2 

-1- 

air 

1864 

13.6 

38 

H2 

+ 

air 

1966 

15.9 

45 

C2H4O 

+ 

air 

1850 

22 

62 

MAPP 

-f 

air 

1800 

47 

132 

C3H8 

-f 

air 

1797 

77 

216 

CH4 

+ 

air 

1801 

330 

920 

The  new  mechanism  of  ballistic  wave  transformation  to  detonation  is  observed 
(Fig.  2)  at  the  low-velocity  {w  <  Do)  regime  of  the  body  flight:  high-velocity  micro-jets 
of  combustion  products,  accelerated  by  the  body  as  a  piston,  overtake  the  leading  bal¬ 
listic  wave  and  ignite  the  initial  explosive  mixture  as  a  multi-point  source,  thus  forming 
a  multi-front  detonation. 
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ON  THE  THEORETICAL  ANALYSIS  OF  A  PARTICULAR 
BOUNDARY  CONDITION  FOR  A  CURVED 
TWO-DIMENSIONAL  LEAD  DETONATION  FRONT 

Pierre  Vidal,  Eric  Bouton,  Henri-Noel  Presles 

Laboratoire  d’Energeiique  et  de  Deionique,  URA  193  CNRS  ENSMA,  B.P.  109,  86960 
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Detonation  wave  front  dynamics  in  condensed  explosives  is  currently  studied  within 
the  framework  of  evolution  equations  which  relate  the  geometric  and  kinematic  proper¬ 
ties  of  the  wave  surface.  Basically,  two  approaches  exist.  In  one  of  these,  the  detonation 
front  is  represented  by  a  curved  partially  reactive  sonic  hydrodynamic  discontinuity, 
and  the  analysis  leads  to  a  hyperbolic  evolution  equation  which  relates  the  mean  cur¬ 
vature,  the  normal  velocity  and  the  normal  acceleration  of  the  wave  front  surface.  In 
the  other  one,  the  detonation  is  considered  to  have  a  generalized  ZND  structure.  Un¬ 
der  the  assumption  that  the  flow  behind  the  leading  shock  is  quasi-one-dimensional 
and  quasi-steady,  the  analysis  leads  to  a  parabolic  evolution  equation  which  relates  the 
mean  curvature  and  the  normal  velocity  of  the  lead  detonation  shock  surface.  These 
evolution  equations  have  the  common  feature  of  being  solely  dependent  of  the  explo¬ 
sive  material  properties.  To  use  these  models  for  studying  constant-velocity  curved 
two-dimensional  detonations,  first,  it  is  necessary  to  define  proper  boundary  conditions 
at  the  edge  of  the  explosive  charge  which  relate  the  detonation  wave  front  slope  to  its 
velocity.  The  shape  and  velocity  of  the  detonation  wave  front  are  then  uniquely  defined 
for  a  given  transverse  size  of  the  charge. 
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^  :  shock  inclination  angle 
d  ■  streamline  turning  angle 
p :  pressure 
jO  ■  density 

X;  relative  material  speed 
q  :  extent  of  chemical  decomposition 
e  :  specific  internal  energy 
s  :  specmc  entropy 
t  ■  time 

dTVdt  ■  material  derivative 

(q5(  flow) 


I 


Figure  1:  Confined  two-dimensional  detonation.  Table  1:  Nomenclature. 


The  objective  of  this  short  communication  is  to  summarize  the  principle,  the  results  1 

and  the  conclusions  of  the  theoretical  analysis  of  the  interaction  between  a  constant- 
velocity  curved  two-dimensional  lead  detonation  front  and  the  surrounding  medium.  , 

More  specifically,  we  studied  the  case  of  pure  refraction,  restricting  our  attention  to 
the  interaction  point  I  of  the  shock  fronts  in  the  explosive  (A'’)  and  its  confinement  ((7) 

(Fig-  1) 

Within  the  framework  of  the  two-dimensional  ZND  structure,  we  first  demonstrated 
that,  at  point  I,  exact  expressions  for  all  the  geometric  properties  of  the  shock  fronts 
in  X  and  C  (the  curvatures  Cx  and  Cc  and  their  l^i',  2*'^,  . . . ,  derivatives  along 
the  shock  lines)  could  be  obtained  as  functions  of  the  detonation  translational  velocity 
D,  the  material  properties  of  X  and  C  and,  if  the  flow  was  axially  symmetric,  the 
radius  of  the  explosive  charge.  These  expressions  were  obtained  from  the  constraints 
imposed  on  the  flow  derivatives  of  the  pressure  p  and  the  flow  turning  angle  0  by 
the  conservation  laws,  the  boundary  conditions  at  the  curved  shock  fronts  and  the 
contact  conditions  matching  p  and  6  along  the  explosive- confinement  interface.  Thus, 
in  contrast  with  the  models  described  above,  we  have  shown  that  there  exists  a  situation 
where  the  geometrical  properties  of  a  curved  detonation  wave  front  depend  on  the 
material  properties  of  both  the  explosive  and  the  confinement. 

Next,  used  these  results  in  our  numerical  analysis  of  a  poly  tropic  explosive  with  a 
one-parameter  pressure  dependent  decomposition  rate  and  an  inert  polytropic  confine¬ 
ment  to  determine  how  the  relationship  between  the  explosive’s  interface  curvature  Cx 
and  the  detonation  translational  velocity  D  depend  on  the  properties  of  X  and  C  and 
on  the  parameter  a  of  the  decomposition  rate  (Fig.  2).  We  have  found  that. 
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Figure  2:  Plots  of  the  nondimensionalized  detonation  velocity  DID"  versus  the  nondi- 
mensionalized  explosive’s  interface  curvature  —  tD'Cx  for  a  polytropic  explosive,  two 
polytropic,  confinements  and  the  decomposition  rate  law  -  T~^{pxlPre}T{^~^xt 
the  case  of  a  planar  explosive  charge  configuration.  (D*  is  the  CJ  detonation  veloci^^y.) 

1.  For  a  given  velocity  £),  the  absolute  value  of  the  explosive  interface-shock  curva¬ 
ture,  Cx,  decreases  as  the  confinement  density  increases.  (In  our  work,  Cx  denotes 
the  value  at  point  I  of  the  curvature  of  the  explosive’s  meridian  shock  line  and 
is  defined  by  Cx  =  dpxldmx.  Usually,  as  in  our  study  (Fig.  1),  Cx  is  negative 
because  Px  decreases  when  nix  increases,  so  that  the  concave  face  of  the  lead  det¬ 
onation  front  is  oriented  towards  the  reaction  zone).  Also,  the  distance  between 
the  curves  corresponding  to  two  different  confinements  and  the  same  value  of  the 
parameter  a  decreases  as  the  value  of  a  increases. 

2.  Depending  on  the  pressure  exponent  o  in  the  decomposition  rale,  the  slope  of 
the  curves  can  be  positive,  infinite  or  negative.  Also,  an  increase  in  a  leads  to  an 
increase  in  the  reaction  completion  time. 

3.  The  same  considerations  apply  to  the  dependence  of  the  normal  detonation  ve¬ 
locity  Dsin(/?j)  and  the  explosive’s  interface  curvature. 

Finally,  we  suggest  that  one  should  distinguish  between  two  cases  of  dynamical 
behavior  for  lead  detonation  fronts  propagating  in  two-dimensional  charges  under  the 
pure-refraction  boundary  condition: 

In  the  first  case,  the  explosive  has  a  sufficiently  short  reaction  zone,  so  that  only  a 
very  narrow  domain  in  the  vicinity  of  the  explosive-confinement  interface  has  a  signif- 
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icant  influence  on  the  lead  detonation  front  geometry.  Consequently,  the  dynamic  be¬ 
havior  of  such  explosives  would  be  correctly  described  by  evolution  equations  uniquely 
determined  by  the  properties  of  the  explosive. 

In  the  second  case,  the  explosive  has  a  sufficiently  long  reaction  zone,  so  that  a 
wide  flow  region  in  the  explosive  receives  information  from  the  explosive-confinement 
interface.  In  this  case,  it  seems  reasonable  to  expect  that  the  domain  of  the  dependence 
of  the  lead  detonation  front  geometry  on  the  confinement  material  properties  evidenced 
in  our  work  is  not  restricted  to  the  close  vicinity  of  the  interaction  point  but  extends  to 
a  large  part  of  the  lead  detonation  front  and,  presumably,  even  includes  the  explosive 
charge  axis.  Consequently,  the  dynamic  behavior  of  the  lead  detonation  front  would 
obey  more  complicated  evolution  equations  than  in  the  first  case. 
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ANALYSIS  OF  THE  DETONATION  PRODUCTS  OF 
INSENSITIVE  HIGH  EXPLOSIVES 

F.  Volk 

Fraunhofer- Instifui  fur  Chemische  Technologie  (ICT),  Pfinzial,  76327  Germany 


The  detonation  products  of  high  explosives  depend  on  pressure  and  also  on  the 
confinement  under  which  the  detonation  reaction  proceeds.  To  determine  the  detona¬ 
tion  products  of  less  sensitive  high  explosives  such  as  TNT/nitroguanidine  (NQ)  and 
PBX  charges  with  polybutadiene  (PB)  binder  containing  RDX  together  with  or  with¬ 
out  aluminum  (AL),  experiments  have  been  performed  in  a  stainless  steel  chamber  of 
volume  1.5  m^.  These  experiments  were  done  under  various  ambient  argon  pressures  up 
to  0.1  MPa.  The  gaseous  reaction  products  were  analyzed  by  mass  spectrometry  and 
chemiluminescence  analysis.  The  solid  reaction  products  were  analyzed  for  measuring 
the  carbon  residue. 


416 


1 


ZEL’DOVICH  MEMORIAL,  IS-n  September  1994 


Table  1:  Unconfined  Charges  of  45%  TNT/55%  NQ  at  Dif¬ 
ferent  Argon  Pressures. 


Sample  No. 

1450/lc 

1450/2C 

1450/3C 

Ar  pressure  [MPa] 

Vac. 

0.05 

0.1 

Composition 

45%  TNT/55%  NQ 

O2  Balance  [%] 

-47.6 

Charge  Weight  [g] 

331 

332 

331 

[kJ/kg] 

-661 

-662 

-657 

Products  [mol  %] 

H2 

20.7 

8.3 

5.3 

CH4 

0.04 

0.1 

0.24 

CO 

32.1 

17.9 

14.3 

CO2 

3.7 

7.9 

10.3 

N2 

27.5 

26.1 

25.6 

NO 

0.1 

0.1 

0.13 

HCN 

0.3 

3.2 

3.6 

NH3 

0.5 

3.0 

4.9 

C2H2 

0.02 

0.03 

0.1 

H2O 

10.7 

19.6 

20.0 

C3 

4.4 

13.8 

15.9 

[kJ/kg] 

2999 

3653 

3763 

C  in  Residue  [%  of  total  C) 

10.8 

32.2 

35.7 

Gas  formation  [me 

1/kg] 

44.5 

37.9 

35.7 

In  has  been  found  that  the  detonation  products  were  highly  dependent  on  the  am¬ 
bient  pressure  of  argon.  The  most  important  changes  in  the  reaction  products  and 
therefore  also  in  the  energy  output  have  been  found  between  vacuum  and  atmospheric 
pressure  of  argon.  With  increasing  pressure,  H2  and  CO  decrease,  and  CO2,  H2O,  C3, 
NH3  and  CH4  increase  together  with  the  reaction  enthalpy.  By  analyzing  the  physical 
structure  of  the  carbon  residue,  diamonds  have  been  observed  between  4  and  7  nm  in 
diameter.  In  more  detail,  the  following  main  results  have  been  found: 

Unconfined  Charges  of  45%  TNT/55%  NO 

Table  1  shows  the  reaction  products  of  TNT  -  nitroguanidine  (NQ)  mixtures  formed 
by  detonation  in  vacuum,  under  0.05  MPa  (0.5  bar),  and  0.1  MPa  of  argon.  There  is  a 
very  clear  change  in  the  products  with  the  pressure  varied  from  vacuum  to  0.1  MPa  of 
argon  (1  bar  Ar). 

With  increased  argon  pressure  we  see  a  distinct  decrease  in  H2  and  CO  and  a  strong 
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Table  2:  Charges  of  45%  TNT/55%  NQ  in  Class  Confine¬ 
ment  at  Different  Argon  Pressures. 


Sample  No. 

1451/1 

1451/2 

1451/3 

Ar  pressure  [MPa] 

Vacuum 

0.05 

0.1 

Composition 

45%  TNT/55%  NQ 

O2  Balance  (%] 

-47.6 

Charge  Weight  [g] 

332 

335 

332 

AR/  [kJ/kg] 

-656 

-658 

-658 

Products  [mol  %] 

H2 

8.7 

4.2 

3.1 

CH4 

0.2 

0.4 

0.44 

CO 

15.9 

10.2 

9.3 

CO2 

7.9 

11.9 

12.7 

N2 

27.3 

26.0 

25.6 

NO 

0.06 

0.05 

0.14 

HCN 

1.35 

2.4 

1.1 

NH3 

1.15 

4.7 

5.3 

C2H2 

0.07 

0.1 

0.13 

H2O 

20.5 

20.7 

21.0 

C3 

16.8 

19.2 

21.3 

ARde(  [kJ/kg] 

3779 

3960 

4003 

C  in  Residue  [%  of  total  C] 

39.8 

43.3 

47.2 

Gas  formation  [mol/kg] 

37.1 

34.4 

33.0 

increase  in  CO2,  H2O  and  solid  carbon  (C3).  The  energy  output  increases  markedly 
from  vacuum  to  0.05  MPa  argon,  but  only  slightly  from  0.05  MPa  to  0.1  MPa  of  argon. 
In  the  same  direction,  the  gas  formation  decreases. 


Charges  of  45%  TNT/55%  NO  in  a  Glass  Confinement 

Table  2  shows  the  results  of  the  same  composition  of  the  explosive  charge,  but 
packed  into  a  glass  tube  with  the  wall  thickness  of  9  mm.  In  this  case,  we  also  see  a 
decrease  in  H2  and  CO,  but  a  smaller  increase  in  CO2,  H2O,  C,  and  the  energy  output. 
The  reason  for  this  behavior  is  that  the  glass  confinement  by  itself  increases  the  energy 
release,  as  indicated  by  the  comparison  between  the  vacuum  experiments  of  Tables  1 
and  2.  This  means  that  the  glass  confinement  increases  the  efficiency  of  the  argon 
pressure  when  going  from  vacuum  to  one  bar  of  argon. 
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Table  3:  PBX  Charges  of  80%  RDX/20%  PB. 


Sample  No. 

HX  72/1 

HX  72/2 

HX  72/3 

Ar  pressure  [MPa] 

Vacuum 

0.05 

0.1 

Composition 

20%  PB/80%  RDX  (10  pm) 

O2  Balance  [%] 

-73.3 

Charge  Weight  [g] 

329 

328 

330 

AHf  [kJ/kg] 

-94 

-90 

-95 

Products  [mol  %] 

H2 

33.5 

15.0 

12.3 

CH4 

0.1 

0.7 

2.9 

CO 

34.4 

H.3 

13.1 

CO2 

1.2 

3.5 

6.6 

N2 

18.8 

18.0 

18.8 

NO 

0.05 

0.03 

0.02 

HCN 

0.1 

0.8 

0.9 

NH3 

0.5 

2.9 

2.8 

C2H2 

— 

0.06 

0.5 

II2O 

4.8 

19.6 

19.9 

C3 

6.6 

22.2 

22.2 

AHdet  [kJ/kg] 

2949 

C  in  Residue  [%  of  total  C] 

15.7 

Gas  formation  [mo 

l/kg] 

52.1 

42.0 

Composite  Charges  of  80%  RDX/20%  PB 

Composite  explosive  charges  consisting  of  80%  RDX  and  20%  polybutadiene  binder 
(PB)  were  investigated  under  unconfined  conditions.  Prom  Table  3  it  is  clear  that 
composite  explosive  charges  exhibit  the  same  behavior  of  the  detonation  products  as 
the  mixtures  consisting  of  TNT  and  nitroguanidine  (NQ).  This  involves  an  increase  in 
CO2,  H2O  and  C3,  combined  with  an  increase  in  the  energy  output  from  2949  kJ/kg 
to  4440  kJ/kg  due  to  changing  from  vacuum  to  0.1  MPa  of  argon. 

Future  experiments  will  deal  with  Al-containing  high  explosives  and  their  products 
from  underwater  detonations. 
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APPLICATION  OF  THE  GENERALIZED  GEOMETRICAL 
OPTICS  MODEL  TO  DETONATION  WAVE  PROPAGATION 

Gao  Wen,  Sun  Chengwei,  Wei  Yuzhang,  Fang  Qing 

Laboratory  for  Shock  Wave  and  Detonation  Physics  Research,  Southwest  Institute  of  Fluid 
Physics,  P.O.  Box  52S,  Chengdu,  Sichuan,  610003  China 


A  simple  and  efficient  Huygens  calculation  can  be  used  for  detonation  propagating 
in  high  explosive,  because  the  reaction  zone  effect  is  so  slight  that  it  can  be  ignored. 
However,  because  there  is  a  thicker  reaction  zone  in  an  insensitive  high  explosive  (IHE), 
which  results  in  that  the  reaction  rate  and  detonation  velocity  in  the  IHE  strongly 
depend  on  the  detonation  wave  front  cmvature.  It  is  necessary  to  study  the  reaction 
zone  effects  in  order  to  describe  the  two-dimensional  detonation  wave  propagation. 

Beside  numerical  simulations  by  using  2-D  reactive  hydrodynamic  code,  analytics 
is  a  reasonable  way  to  study  the  reaction  zone  effects  on  detonation.  Based  on  the 
reasonable  assumption  that  the  curvature  radius  of  detonation  front  is  by  an  order 
of  magnitude  larger  than  the  chemical  reaction  zone  length,  Bdzil  [1]  and  Stewart  [2] 
developed  the  detonation  shock  dynamics  (DSD)  theory,  which  can  be  used  to  describe 
2-D  detonation  wave  propagation,  especially  in  IHE.  Bdzil,  Stewart  and  Lambourn  [3] 
have  proposed  different  forms  of  basic  equation  for  DSD,  and  Sun  Chengwei  [4]  has 
developed  a  generalized  geometrical  optics  model  and  derived  a  similar  evolution  for  a 
weakly  curved  detonation  front. 

Using  the  computer  code  mentioned  above,  the  detonation  propagation  in  IHE 
charges  of  two  geometric  shapes  was  numerically  simulated.  The  results  are  compared 
with  the  Huygens  calculation  for  the  C-J  wave  and  the  experimental  data  as  follows. 

Figure  1  shows  the  calculation  for  the  rate-strick  explosive  charge  (20  mm  dia.), 
where  circles  denote  the  measured  points. 

Figure  2  shows  detonation  propagation  in  a  semi-spherical  IHE  charge,  where  solid 
and  dashed  lines  denote  the  generalized  model  and  Huygens  calculations,  respectively. 

The  calculated  and  experimental  wave  forms  on  the  diverging  detonation  emerging 
on  the  charge  surface  of  radius  30  nun  are  shown  in  Fig.  3. 

The  experiments  and  the  GGO  model  calculations  on  the  explosive  charges  with 
more  complex  geometrical  shapes  were  carried  out,  and  the  agreement  between  them  is 
rather  satisfactory.  However,  the  classical  Huygens  calculations  obviously  deviate  from 
the  experiment  on  IHE  charges. 
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Figure  1:  Detonation  propagation  in  a  stride  explosive. 


Figure  2:  Detonation  propagation  in  a  semi- spherical  IHE  charge. 
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Figure  3:  Arrival  time  of  detonation  waves  at  the  surface  of  semi-spherical  IHE  charge 
of  radius  30  imn. 
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IMPULSE  PRODUCED  BY  GAS  DETONATION  IN  OPEN 

CHAMBER 

S.  A.  Zhdan,  V.  V.  Mitrofanov,  A.  I.  Sychev 

Lavrentyev  Institute  of  Hydrodynamics  Novosibirsk,  630093  Russia 


There  are  several  known  schemes  of  detonation  combustion  applied  in  the  corre¬ 
sponding  jet  engines: 

a)  oblique  detonation  jump  in  a  combustion  chamber  of  ramjet,  first  considered  by 

Ya.  B.  Zel’dovich  in  the  1940’s  [1], 

b)  transverse  detonation  waves  in  circular  or  cylindrical  combustion  chambers  of  rocket 

motor,  the  scheme  of  B.  V.  Voitsekhovskii  [2], 

c)  single  or  repeated  explosion  of  a  detonating  propellant  charge  in  open  conical  nozzle, 

the  scheme  of  G.  Varsi  et  ai  [3]. 
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The  latter  scheme  was  studied  for  condensed  high  explosives.  Presented  below  are  the 
results  of  experimental  and  numerical  studies  of  reactive  impulse  produced  by  detona¬ 
tion  of  gaseous  acetylene-oxygen  mixture  in  cylindrical  chamber  with  an  open  end. 

Experimental 

The  experiments  have  been  performed  by  using  the  “ballistic  pendulum”  assembly, 
which  is  an  explosive  chamber  (EC)  suspended  at  a  long  thin  steel  wire.  EC  is  a 
cylindrical  steel  tube  of  inner  diameter  107  mm.  One  end  of  the  tube  was  closed, 
while  the  other  could  be  shutted  off  by  a  diaphragm  (lavsan  film  100  pm  thick).  The 
diaphragm  provided  a  possibility  to  vacuumize  the  EC  before  filling  it  with  gaseous 
mixture  (C2H2  +  2.5O2).  The  initial  gas  pressure  in  the  chamber  was  po  =  1  atm. 

Detonation  was  initiated  in  EC  by  transmitting  a  detonation  wave  from  the  initiat¬ 
ing  tube  (4  mm  inner  diameter)  into  the  chamber.  To  intensify  the  process,  a  reflecting 
screen  (a  disc  15  mm  in  diameter)  was  placed  in  the  initiating  tube  at  the  distance  of 
about  10  mm  from  the  tube  exit.  When  the  gaseous  mixture  was  ignited,  the  pres¬ 
sure  in  EC  increased  resulting  in  diaphragm  bursting  and  gas  outflow  from  the  open 
chamber  end,  and,  hence  EC  deflecting  in  the  opposite  direction.  The  deflection  of  EC 
(used  for  estimating  the  impulse  of  the  products  of  gaseous  detonation)  was  measured 
by  drawing  of  thin  thread  fixed  to  it.  The  height  of  the  chamber  suspension  (3.4  m) 
ensures  its  deflection  for  20-60  cm,  which  made  it  possible  to  determine  the  value  of 
the  impulse  with  the  accuracy  of  ±2-3%. 

Numerical  Simulation 

The  motion  of  a  detonating  gas  in  EC  was  described  by  two-dimensional  nonsta¬ 
tionary  equations  of  gas  dynamics  in  axisymmetrical  statement  [4],  In  the  equation 
of  state  the  dissociation  and  recombination  of  combustion  products  were  taken  into 
account  by  using  the  equation  of  chemical  equilibrium  [5].  The  numerical  algorithm 
is  based  on  the  method  of  S.  K.  Godunov  [4j.  Calculations  were  carried  out  for  the 
mixture  C2H2  1-  2.502-  In  calculations  the  force  F{t)  acting  on  the  EC  end  wall  and 
impulse  J{t)  were  determined  as  follows: 


>•0  t 

F{t)  -TT  j (p(0,  r,  t)  -  po)d»•^  J{t)  =  j  F{t)dt. 

0  0 

The  following  parameters  were  varied  in  the  experiments  and  calculations: 

a)  the  chamber  volume; 

b)  the  extent  of  filling  the  chamber  volume  by  reacting  mixture; 

c)  the  place  of  initiation  of  gaseous  detonation. 


423 


I 


1 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


I 

! 

4 

Table  1. 


N 

Lojem 

ao/Lo 

x*ILo 

lexp 

leal 

jmax 

rmin 

1 

12.5 

1 

0 

198  ±5 

160 

179.3 

158.4 

2 

25 

1 

0 

198  ±3 

163.2 

174.7 

162.9 

3 

25 

1 

1/2 

196  ±3 

158 

169.5 

157.6 

4 

25 

1 

1 

194  ±3 

— 

— 

— 

5 

50 

1/2 

0 

250  ±5 

245 

258.3 

243.0 

6 

50 

1/2 

1/2 

245  ±5 

226 

239.2 

223.7 

7 

37.5 

1/3 

0 

300  ±  10 

295 

321.1 

294.9 

8 

75 

1/3 

0 

315  ±5 

307 

321.6 

304.9 

9 

100 

1/4 

0 

375  ±5 

364 

377.3 

358.9 

10 

62.5 

1/5 

0 

415  ±  10 

391 

416.8 

388.1 

11 

87.5 

1/7 

0 

505  ±  10 

465 

490.9 

456.5 

12 

125 

1/10 

0 

— 

540 

573.4 

528.2 

Results 


Pressure  records  taken  at  the  closed  end  of  EC  are  of  oscillatory  character,  which  is 
indicative  of  reciprocating  gas  flows.  The  predicted  thrust  F{t)  is  also  nonmonotonic 
and,  furthermore,  it  is  of  alternating  sign.  Such  a  dependence  of  F  on  time  implies 
that  the  impulse  J{t)  and,  consequently,  the  speciflc  impulse  l{t)  -  J{t)l{gpgVo)  are 
nonmonotonic  functions.  The  impulse  I{t)  attains  first  its  maximum  value  then 
decreases,  and,  passing  through  minimum  /J”*",  slightly  oscillates  with  rapidly  damping 
amplitude.  Relative  amplitude  of  the  second  impulse  oscillation  does  not  exceed  1- 
2%,  contrciry  to  the  HE  explosion  in  cone  [3j.  Experimental  {lexp)  and  asymptotic 
calculated  {leal)  values  of  specific  impulses  are  presented  in  the  Table  1.  The  value  lap 
was  determined  from  relationship: 


*exp 


mcljrgyi 

PgVo 


where  pg  and  Vb  are  the  density  and  volume  of  mixture,  respectively,  g  is  the  acceleration 
of  gravity;  m,  I,  and  r  are,  respectively,  the  mass,  deviation  and  suspension  height  of 
EC,  Lq  is  the  length  of  EC,  xq  is  the  chamber  part  filled  with  detonable  mixture;  s*  is 
the  distance  from  the  closed  end  to  the  point  of  detonation  initiation. 

The  calculated  and  experimental  results  show  that  I  significantly  depends  on  the 
extent  of  filling  the  chamber  by  the  active  mixture,  xofLo  As  this  ratio  decreases, 
the  maximum  and  asymptotic  values  of  specific  impulse  increase.  At  xqILq  <  1/3  the 
specific  impulse  in  the  cylindrical  EC  becomes  higher  than  under  stationary  outflow  of 
combustion  products  of  the  same  mixture  from  the  chamber  with  Laval  nozzle,  where 
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I  €  (280-320)  s  [6]  when  the  pressures  in  the  chamber  and  at  the  nozzle  section  are 
with  in  the  range  20-100  bar.  When  the  extent  of  filling  is  1/10,  the  impulse  gain  is 
1.5-hold  (see  Table  1).  Limiting  value  of  impulse  J^i  ht  Lo  -*  oo  may  be  obtained 
from  the  formula  =  (7  -  l)^'o/co  [7])  where  7  and  co  are,  respectively,  the  adiabat 
index  and  sound  speed  in  air,  Eq  is  the  effective  explosion  energy  transmitted  to  the 
shock  wave.  Prom  oui  calculations  for  the  mixture  C2H2  -j-  2.5O2,  the  limiting  specific 
impulse  is  I^i  =  689  s. 

The  influence  of  the  initiation  point  location  is  insignificant  both  with  and  without 
air  “ballast”  in  EC.  For  xqILq  =  I  the  experimental  values  exceed  the  calculated  ones 
due  to  the  influence  of  the  bursting  diaphragm  mass.  We  failed  to  obtain  specific 
impulse  higher  than  that  for  cylindrical  chamber  by  varying  the  EC  geometry  (the 
calculations  were  also  performed  for  the  EC  with  the  shape  of  truncated  cone  and 
semisphere). 

The  research  was  supported  by  Russian  Foundation  for  Fundamental  Research 
(No.93-013-17360  ). 
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A  COMPREHENSIVE  CRITERION  FOR  SHOCK  INITIATION  OF 
HETEROGENEOUS  HIGH  EXPLOSIVES 

Wang  Zhiping,  Wei  Yuzhang 

Laboratory  for  Shock  Wave  and  Detonation  Physics  Research,  Southwest  Institute  of  Fluid 
Physics  P.O.  Box  523-61,  Chengdu,  Sichuan  610003,  China 


By  investigating  various  shock  initiation  criteria  and  experimental  data  for  the 
HNS-I4  and  J09159  explosives,  a  comprehensive  criterion  for  shock  initiation  of  det¬ 
onation  in  heterogeneous  high  explosives  is  suggested  and  the  critical  curves  of  shock 
pressure  p  vs  pulse  duration  r  are  plotted. 

The  competition  of  energies  released  by  chemical  reaction  and  consumed  by  rar¬ 
efaction  and  their  influence  on  shock  initiation  are  discussed. 

Various  shock  initiation  criteria  have  been  proposed  during  past  decades,  for  exam¬ 
ple, 

(1)  for  1-D  sustained-duration  shock  waves  in  thick  explosive  slabs  [1]: 

P  =  Poi  (1) 

(2)  for  1-D  short-duration  sliock  waves  in  thick  explosive  slabs  [2]: 

pV  =  N;  (2) 

(3)  for  2-D  sustained-duration  shock  waves  induced  by  the  impact  of  small  projectiles 

[3!: 

p'^o  =  M.  (3) 

4.  The  POP  plot  suggested  by  Ramsay  and  Popolato  [4], 

p'-x  -  B,  (4) 

can  be  regarded  as  the  criterion  for  thin  explosive  slabs  initiated  by  1-D  shock 
waves,  because,  when  the  explosive  slab  is  thinner  than  the  run  distance  to  det¬ 
onation  corresponding  to  the  shock  pressure,  it  can  not  be  initiated.  Therefore, 
the  run  distance  to  detonation  is  the  critical  thickness  of  the  explosive  slab  in  this 
case. 

5.  As  for  the  criterion  suggested  by  Stresau  and  Kennedy  [5] 

(p^-p^jr^A,  (5) 

it  appears  to  be  a  generalized  form  of  Eqs.  (I)  and  (2). 
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In  these  expressions,  p  is  the  shock  pressure,  r  is  the  pulse  duration,  a  is  the  loading 
area,  X  is  the  thickness  of  explosive  slabs,  and  the  other  parameters  are  constants. 

The  above  criteria  are  good  for  particular  cases.  However,  there  are  some  gaps 
concerned  in  practice,  such  as  the  behavior  of  an  explosive  of  finite  thickness  and 
shock  initiated  by  a  thin  flyer  of  small  diameter,  where  both  the  flyer  thickness  and  its 
diameter  affect  the  initiation  threshold. 

Based  on  the  afore  mentioned  criteria  and  extensive  experimental  data  for  the  HNS- 
I4  (HNS-I/additive  =  97.5/2.5,  po  =  1.57  g/cm»)  and  J09159  (HMX/additive  =  95/5, 
Po  =  1.86  g/cm^  explosives,  a  comprehensive  criterion  for  shock  initiation  of  heteroge¬ 
neous  high  explosives  has  been  suggested  in  the  general  form 


The  shock  initiation  threshold  pressure  in  HNS-I4  and  J09159  loaded  by  the  electric 
gun  were  measured  for  various  durations  (flyer  thicknesses)  and  loading  areas  (flyer 
diameters).  The  initiation  thresholds  were  determined  by  the  “up-down”  procedure 
(Bruceton  method).  Thus,  we  obtained  the  coefficients  in  Eq.  (6)  for  the  HNS-I4 
explosive  {d  is  the  flyer  diameter): 


(7) 

(8) 


The  fitting  deviation  was  smaller  than  ±2%  for  HNS-I4  and  ±5%  for  J09159  (see 
Fig.  1  and  Fig.  2). 

I^om  Fig.  1  and  Fig.  2,  it  is  concluded  that 


1.  For  the  thin  flyer,  r  is  small,  and  the  side  rarefactions  can  be  neglected  as  com¬ 
pared  with  the  back  rarefactions.  The  initiation  threshold  obeys  the  criterion 
P"t  =  N. 

2.  With  increasing  r,  the  side  rarefaction  gains  influence,  both  back  and  side  rar¬ 
efactions  affect  the  behavior  of  p  ~  r  curve  which  changes  from  the  1-D  to  2-D 
case  and  is  called  as  “2-D  short  duration  shock  initiation”. 

3.  As  T  is  increased  further,  the  side  rarefaction  becomes  dominant  and  the  bask 
rarefaction  can  be  neglected.  The  p-  r  curve  evolves  into  that  corresponding  to  the 
2-D  shock  initiation  by  a  small  diameter  projectile  impact,  and  can  be  described 
by  the  criterion  p"'a  =  M. 


4.  Finally,  as  both  the  flyer  thickness  and  diameter  are  increased,  the  p-r  curve 
tends  to  a  constant  pressure  plot  similar  to  the  1-D  sustained-duration  shock 
initiation,  where  the  criterion  is  p  =  p<.. 
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Consequently,  Eq.  (6)  gives  a  comprehensive  description  of  the  shock  initiation 
behavior  of  heterogeneous  explosives,  generalizing  the  previous  criteria  Eqs.  (1)~(5). 

The  p  ~  T  curve  reflects  the  competition  between  the  energy  released  by  chemical 
reaction  and  the  energy  consumed  by  rarefaction.  When  the  released  and  consumed 
energies  achieve  a  critical  condition,  steady  detonation  can  develop.  This  critical  con¬ 
dition  is  the  true  shock  initiation  threshold. 

Recently,  the  critical  condition  for  initiation  of  detonation  in  explosives  penetrated 
by  small  projectiles  have  been  investigated  by  Zhao  Feng  et  al.  [7].  An  initiation 
criterion  taking  into  account  the  geometry  of  the  projectile  was  also  deduced,  which 
employed  only  one  fitting  parameter  —  critical  energy. 
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SESSION  7.  Combustion  and  Detonation  Analogies 


RECURRENCE  FORMULAS  FOR  THE  COEFFICIENTS  IN  THE 
MARSHAK  BOUNDARY  CONDITION  FOR  ONE-DIMENSIONAL 
THERMAL  RADIATION  MODELLED  BY  THE  METHOD  OF 
SPHERICAL  HARMONICS 

Flemming  M.  B.  Andersen 

Laboratory  of  Heating  and  Air  Conditioning,  Technical  University  of  Denmark,  Building  402, 

DK-800,  Lyngby,  Denmark 


The  method  of  spherical  harmonics  is  a  standard  method  for  solving  the  thermal 
radiation  problem  in  absorbing,  emitting  and  scattering  material.  The  method  yields  a 
system  of  differential  equations  to  be  solved  usually  by  numerical  methods.  The  bound¬ 
ary  conditions  of  the  system  of  differential  equations  are  usually  derived  by  tedious  hand 
integrations  using  the  Marshak  method,  although  other  methods  are  available  [1]. 

This  paper  focuses  on  the  Marshak  boundary  condition  for  thermal  relation  in  a 
one-dimensional  layer  of  absorbing,  emitting  and  scattering  material  with  azimuthal 
symmetry.  The  boundaries  are  assumed  to  be  opaque,  grey  surfaces  which  reflect 
the  incoming  radiation  both  diffusely  and  specularly.  The  emitted  radiation  by  these 
surfaces  is  also  assumed  to  be  diffuse. 

In  this  paper,  recurrence  formulas  for  the  coefficients  in  Marshak  boundary  condi¬ 
tion  will  be  derived.  These  formulas  will  easy  the  application  of  the  method  of  spherical 
harmonics. 

Figure  1  shows  the  geometry  and  nomenclature.  The  radiation  properties  of  walls 
1  and  2  are  given  subscripts  or  superscripts  tel  and  w2,-  respectively.  The  subscripts  s 
and  d  indicate  specular  and  diffuse  walls,  respectively.  The  other  symbols  are  consistent 
with  the  symbols  frequently  used  in  the  literature  on  thermal  radiative  heat  transfer. 

The  exact  boundary  conditions  for  a  diffusely  and  specularly  reflecting  wall,  which 
also  diffusely  emits  thermal  radiation  for  wall  1  are  as  follows: 

0 

i(lO  =  Pw\A-u)  T  2/7u,i,d  j  i{p)p  dp'  +  for  0  <  /i  <  1,  (1) 

-1 

and  for  wall  2 

1 

i(/0  =  Pw2A-u)  +  ‘^Pw2,ct  J  i{p)p'  dp'  +  for  -I  <  P<  0.  (2) 

0 
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Wall  2:Reflectmg  and  emitting 


WaU  ^Reflecting  and  emitting 


Figure  1:  A  one-dimensional  layer  of  absorbing,  emitting  and  scattering  material  and 
its  boundaries  of  emitting  and  reflecting  opaque  walls. 


The  Marshak  condition  specifies  that  odd-order  moments,  i.e.  n  =  1,  3,  5,  . . . ,  A, 
where  N  is  the  order  of  approximation,  of  these  equations  are  satisfied,  thus  yielding 
for  wall  1 

/  f  {puji,si{-tt)  +  2pxvi4  I  V  +  — <TT,Ji]/Ad/i,  (3) 

Jo  Jo  J-1  Tf 

and  for  wall  2 

/  i{n)p’'dn=  !  [p^2A-p)^‘^Pw24  !  Wp' dp' dp.  (4) 
J-i  J-\  Jo  TT 

In  the  method  of  spherical  harmonics  the  intensity  is  expanded  into  a  sura  of  prod¬ 
ucts  of  known  Legendre  polynomials  P„,  and  unknown  functions,  as  follows 


i{x4i)  = 


N 

E 

m=:0 


27n  -i-  1 
47r 


Ptn{P')'^m{p)- 


(5) 


The  Legendre  polynomials  are  functions  of  the  direction  cosine,  /i,  only,  and  the 
unknown  functions  are  functions  of  the  location,  x,  only. 

Substituting  Eq.  (5)  into  Eqs.  (3)  and  (4)  yields  for  wall  1 


N 


E  -  P.x4K^.n  -  =  dfe^.al 


i4 

U;J  ) 


7rt=0 


and  for  wall  2 


N 


Pw2,d^ 


tv? 

m,n 


/‘n4 


(6) 


(7) 
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The  remaining  part  of  the  paper  is  concerned  with  deriving  formulas  for  the  co¬ 
efficients  a,  b,  c  2ind  d  (with  subscripts  and  superscripts)  of  Eqs.  (6)  and  (7).  These 
formulas  are  derived  using 

_  ,  .  2m  - 1  ,  .  /  V 

Pmifl)  =  — —  ■Pm-l(/i)M  -  (8) 

m  m 

and 

=  HrpM-  (9) 

Integral  expiessions  for  a,  b,  c  and  d  are  obtained  by  comparison  of  Eqs.  (6)  and 
(7)  to  Eqs.  (3)  and  (4)  and  taking  Eq.  (5)  into  account.  For  wall  2,  we  thus  obtain 


a 


^2  ^ 
m,n  •“ 


— j  Pm{ti)pP  dp  = 


2m  -b  1 


U 

/ 


r2m-l  m-l„ 

- -Pm-2(/i) 


m 


m 


pP  dp  ~ 


(10) 


2m -bl  ^2  _  2m  -b  1  m  -  1  ,^2 

„  ^m-l,n+l  o  „  ®m-2,n’ 

m  ’  2m  —  3m  ’ 

In  order  to  start  the  recurrence  of  Eq.  (10),  formulas  for  are  derived  for  m  =  0 
and  m  =  1  using  the  definition  of  also  in  Eq.  (10), 


and 


4(n+  1) 

3(_l)n+l 


-1 

The  other  coefficients  for  wall  2  are  as  follows: 

0  r  1 


+  2 


(11) 


(12) 


2  _  2m -b  1 


j  j  PmUt')p'dp' 


-1  LO 


/i”  dp  -  2 


_i  \n+m-f  1 


(-1) 


n  -b  1 


r,W2 

-‘m,!  > 


(13) 


and 


0 

c!„  s  (14) 

-1 

-1 
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For  wall  1  the  coefficients  are  related  to  „  as  follows: 

1 

<„  s  if* = (-ir+”«s„,  (16) 

0 


bwl 


2m  +  1 


i  u 

J  j  Pmifl'h' dp' 


pP  dp 


n  +  1 


^m,l> 


(17) 


1 

C!n  =  /  r^i-i‘)i‘’'d^  =  (-!)"<!„  (18) 

0 

and 

0 

It  has  been  shown  that  the  coefficients  in  the  Marshak  condition  can  be  found  by 
first  calculation  of  for  m  =  0  and  m  =  1  using  Eqs.  (11)  and  (12)  and  then 
using  the  recurrence  formula  in  Eq.  (10).  At  each  m  the  are  calculated  for  n  = 
1,  2,  . . . ,  (2A'  -  m).  It  is  thus  necessary  to  calculate  values  for  which  are  not  to 
be  applied  in  the  Marshak  condition,  sin^e  these  values  are  required  in  the  recurrence 
equation,  only. 

The  other  coefficients  of  Eqs.  (6)  and  (7)  are  found  using  the  formulas  given  in 
Eqs.  (11)-(19)  relating  the  coefficients  to  The  coefficients  are  easily  calculated  by 
recurrence  up  to  any  approximation  order  N  of  the  spherical  harmonics  approximation. 

In  general,  the  derived  formulas  are  easier  to  apply  than  integrating  manually  the 
equations  for  basic  definitions  of  the  coefficients  given  in  Eqs.  (10),  (13),  (14),  (16), 
(17)  and  (18).  These  manual  integ-ations  are  by  no  means  difficult,  only  tedious  and 
lengthy  and  thus  errors  are  easily  introduced. 

A  general  computer  program  for  solving  the  radiation  problem  using  the  method 
of  spherical  harmonics  has  been  developed  for  arbitrary  approximation  orders  using 
finite  differencing  and  a  block  matrix  solver.  The  solution  functions  near  the  walls  are 
converging  as  it  is  expected  when  higher-order  approximations  are  applied. 
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MODELING  OF  DETONATION  FRONT  DYNAMICS 

A.  A.  Borissov,  E.  A.  Pirogov,  O.  V.  Sharypov 

Novosibirsk  State  University,  Novosibirsk-90,  Russia 


The  investigation  of  combustion  and  detonation  in  gases  leads  to  the  problem  of 
dynamics  of  finite-amplitude  perturbations.  From  the  thermodynamic  point  of  view, 
these  are  highly  nonequilibrium  processes.  The  characteristic  feature  of  the  systems 
with  such  processes  is  the  capability  of  spontaneous  change  of  regimes.  A  variation 
of  a  “governing  parameter”  can  result  in  a  catastrophic  transformation  of  the  type  of 
solution.  An  excellent  example  of  this  behavior  is  the  thermodiffusional  instability  of 
a  plane  combustion  front.  (A  great  contribution  thereto  has  been  made  by  Ya.  B. 
Zel’dovich  with  co-authors  [1].) 

The  present  paper  contributes  to  theoretical  modeling  of  the  spatiotemporal  struc¬ 
ture  of  detonation  fronts  in  gases.  The  objective  of  the  work  was  to  develop  a  simplified 
nonlinear  time- dependent  model  (in  line  with  Zel’dovich’s  approaches),  which  provides 
the  formulation  of  criteria,  the  analysis  of  detailed  physical  mechanisms  and  the  possi¬ 
bility  for  numerical  simulation  of  the  solution  dynamics. 

It  is  shown  that  a  solution  to  the  linearized  problem  of  plane  (ZND)  detonation 
front  stability  can  be  represented  by  a  surface  resulting  from  superposition  of  sinusoidal 
“standing  waves”: 

F  =  Gj  cos{kjy  -f  ‘pj)cos{gix  -f  il>i)  cos{uj jit  -f  Oji)exp{Cljit). 

The  period  of  pulsation  for  each  harmonic  is  proportional  to  the  wavelength  (loji  a 
)■  In  addition,  the  infinitesimal  perturbations  of  wavelengths  comparable  with 
the  size  of  chemical  conversion  zone  are  unstable  (flji  >  0).  The  short  and  long-wave 
harmonics  are  damped  by  a  gas-dynamic  mechanism  (Qjt  <x  -  -f  gf )  (the  same  as 
that  responsible  for  the  stability  of  plane  shock  waves  [2]).  The  expressions  for  the 
increments  and  “phase  velocities"  of  the  harmonics  are  derived. 

The  paper  takes  into  account  a  nonlinear  mechanism  of  interaction  between  har¬ 
monics  (similar  to  the  mechanism  proposed  by  Zel’dovich  for  the  flame  surface  [3,  4]): 

Ft  =  {Ft)un,ar  +  b{F^  F  FJ). 

Based  on  the  analytical  results,  a  numerical  algorithm  is  constructed  to  simulate  the 
spatiotemporal  structure  of  detonation  fronts  in  two  or  three  dimensions.  The  discrete 
Fourier  transform  method  is  used  (it  is  verified  by  solving  Burgers  equation). 

The  expression  for  the  governing  parameter  is  derived.  It  depend  on  the  dimen¬ 
sionless  activation  energy,  the  shock  wave  intensity,  and  the  adiabatic  exponent  (in 
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r 


Figure  1:  Numerical  cellular  detonation  dynamics.  Dotted  lines  show  trajectories  of 
cell  junctions. 


accordance  with  [5]).  Numerical  calculations  have  shown  that  a  critical  value  of  the 
governing  parameter  exists.  It  divides  regimes  with  more  and  less  regular  spatial  and 
temporal  structure  of  the  solution.  The  calculated  criterion  corresponds  to  the  experi¬ 
mental  data  [6]  for  the  2D  case. 

The  constructed  model  and  numerical  algorithms  can  be  used  to  simulate  the  in¬ 
fluence  of  boundary  conditions  (walls)  on  the  propagation  of  detonation  in  a  duct  or 
its  passing  from  a  duct  to  an  unconfined  space  (the  problem  of  detonability  limits). 
Furthermore,  the  chaotic  behavior  of  the  solution  described  by  the  model  is  of  interest 
in  its  own  right. 

This  work  has  been  supported  by  the  Russian  Foundation  for  Fundamental  Research 
(Grant  No. 93-02-14469)  and  by  the  “Universities  of  Russia"  program  (Grant  MM  5.15). 
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ON  THE  SELF-ORGANIZATION  PHENOMENA  IN  SOME 
MODELS  OF  RELAXING  MEDIA 

V.  A.  Danylenko,  V,  A.  Vladimirov 

Subbotin  Geophysical  Institute  of  the  Ukrainian  Academy  of  Sciences,  Division  of 
Geodynamics  of  Explosion,  Kiev,  Ukraine 


The  aim  of  this  presentation  is  to  analyze  the  self-similar  solutions  of  hydrodynamics 
equations  (HDE)  describing  fast  processes  in  active  and  relaxing  media.  It  is  obvious 
that  the  classical  set  of  HDE  derived  under  the  assumption  of  complete  thermodynamic 
equilibrium  is  not  appropriate  for  this  purpose.  In  the  late  30s,  M.  A.  Leontovich  [1] 
proposed  to  allow  for  relaxation  processes,  irrespective  of  their  nature,  by  introduction 
of  internal  variables  formally  satisfying  the  equations  of  chemical  kinetics. 

Assuming  that  the  equilibrium  equation  of  state  has  the  form  p  ==  Ap^'  5,  we  can 
write  out  a  hydrodynamical  set  of  equations  for  relaxation  processes  in  the  following 
form: 

du  .  dp  dp  du 


dp  du 

-  +  =  apQ. 


(1) 


d\ 

dt 


Q{p,p>>^) 


where  u  is  the  velocity,  p  and  p  are  the  density  and  pressure,  respectively,  d/dt  = 
d/dt  -f  udjdx,  T  is  the  external  force. 

To  transform  the  starting  set  of  partial  differential  equations  (PDE)  to  a  set  of 
ordinary  differential  equations  (ODE),  we  introduce  a  special  ansatz  suggested  by  the 
symmetry  properties  of  (1).  If  Q  =  y{^)‘p{p I p) 1 1  and  T  =  p^jt,  using  rhe  ansatz 


u  =  U{u)  Au), 


p  =  exp[5(t<;)],  p  =  Z{u})p,  X  =  L{u) 


(2) 
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enables  one  to  obtain  the  following  dynamical  system  (DS)  satisfied  by  self-similar 
solutions  of  the  starting  set  of  PDE: 


dU 


j-  =  U{i>-aZ  -{j-U))  =  Ui, 


dr 


(за) 

(зб) 

(3c) 

wherejS  =  .Q,  ^  =  g(L)^{Z),  d/dr  =  UAd/d.,  A  =  =  1  _  Ihe  case 

y  —  di^lfip/p)  and  the  ansatz 


dL 


u=W{w)  +  D,  cj  =  x-Dt, 


p  =  exp(^t  -f  5(a;)),  p  =  Z{ijo)p,  \  =  L{w) 
leads  to  the  dynamical  system 

dW 

~  =  W{iZ  +  'fW  -tP)  =  W§, 


(4) 


dr 


=  A$  -I-  KZ<i, 


dr 


(5a) 


(56) 

(5c) 


where  i;  =  aQ,Q  =  g{L)p{Z),  d/dr  =  WAd/dw,  A  =  -{aZ  -  W^),  and  K=l-a 
When  Q  does  not  depend  on  A,  equations  (3a, b)  as  well  as  (5a, b),  form  a  closed 
set.  As  will  be  shown  below,  these  sets  have  families  of  quasiperiodic  solutions.  Using 

the  Andronov-Hopf  bifurcation  theorem,  one  can  show  that  the  following  statements 
are  true  [2j: 


Theorem  1.  If  in  neighborhood  of  a  point  Zj  >  0  the  kinetic  function  xP(Z\  has  the 
decomposition 


t6  -  (a  -  1  )Zi  +  ^(Z  -  Z,)  +  T/(Z  -  ^1 )'  +  -  ^1 )'  +  . . . 

and  the  parameters  a  satisfy  the  inequality  {  >  (a^  +  l)/(o'  -  1),  then  there 
exists  an  open  interval  /  e  in  the  neighborhood  of  the  critical  ralue  7,, 

sgnRe{Ci)^/Ti{a  -  1)  (^(2  _  -  1)  -  a)  \  where  Cj  is  the  first  Floquet  ex¬ 

ponent  [3]  such  that  for  7  e  /  set  (3.a,b)  has  a  family  of  stable  quasiperiodic 
solutions. 
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Theorem  2.  If  the  function  ■>p{Z)  intersects  transversally  the  OZ  axis  at  a  point  Zi  > 
0,  then  there  exists  an  open  interval  J  £  R}  such  that  for  7  G  J  set  (5a, b)  has  a 
family  of  stable  quasiperiodic  solutions. 


Figure  1:  Phase  plane  of  set  (5a, b), 
obtained  by  straightforward  numerical 
calculation  for  7  =  1.1,  7cr  =  1,  (t  =  2. 
rP{Z)  =  2sin(T(^  -  .Zi))exp(0.7(^  - 
Zi)^)  if  \Z  -  Zil  <  2,  and  iP(Z}  =  0 
otherwise. 


The  phase  plane  of  the  set  (5a,b)  in 
the  neighborhood  of  the  critical  point 
is  shown  in  Fig.  1. 

In  the  case  of  dQfdX  7^  0,  the  self¬ 
similar  solutions  of  set  (1)  are  governed 
by  the  third-order  dynamical  systems 
(3a-c)  and  (5a-c).  It  is  easy  to  show 
that,  under  the  conditions  of  Theorems 
1  and  2,  the  eigenvalues  of  the  lin¬ 
earization  matrices  of  these  sets  for  the 
critical  values  of  the  bifurcation  param¬ 
eter  will  be  double  degenerate,  namely 
one  eigenvalue  is  zero  and  the  other 
two  become  pure  imaginary.  Such  de¬ 
generacies  were  carefully  studied  in  [4]. 
It  has  been  shown  that,  in  the  neigh¬ 
borhoods  of  the  critical  values  of  the 
parameters,  a  stable  quasiperiodic  and 
deterministic-chaotic  regimes  exist  un¬ 
der  certain  conditions. 


Based  on  the  results  obtained,  we  can  conclude  that  set  (1),  in  contrast  to  the 
classical  hydrodynamics  equations  without  relaxation,  can  be  of  use  in  describing  self¬ 
organization  phenomena. 
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HOW  USEFUL  IS  THE  ANALOGY  BETWEEN  GASEOUS  AND 
MELT/WATER  EXPLOSIONS? 

D.  F.  Fletcher 

Department  of  Mechanical  and  Mechatronic  Engineering,  University  of  Sydney,  NSW  2006 

Australia 


1  Introduction 

The  destructive  potential  of  the  interaction  of  a  hot  metal  with  cold  water  is  now 
well-known  [1].  Attempts  to  develop  models  for  the  explosion  process  have  met  with 
only  limited  success  [2]  because  of  the  complexity  of  the  physical  processes  to  be  mod¬ 
elled,  the  uncertainty  concerning  the  initial  conditions,  and  the  difficulty  of  experi¬ 
mental  validation.  Here  we  seek  to  highlight  the  similarities  and  differences  between 
gaseous  and  physical  explosions.  This  will  be  done  at  various  levels,  with  the  compar¬ 
ison  covering:  (i)  the  basic  physics,  (ii)  the  mathematical  modelling  framework,  and 
(iii)  the  experimental  database. 

2  The  Conceptual  Picture 

The  conceptual  picture  of  detonations,  as  originally  proposed  by  Zel’dovich,  von 
Neumann  and  Doring  [3,  4],  was  adapted  by  Board,  Hall  and  Hall  [5]  to  provide  a  model 
for  the  propagation  stage  of  a  physical  explosion.  Here  we  will  assume  that  the  reader 
is  familiar  with  ZND  theory  and  simply  note  how  this  is  applied  to  physical  explosions. 
This  subject  has  been  addressed  extensively  in  Fletcher  and  Anderson  (2]  and  Frost, 
Lee  and  Ciccarelli  [6].  In  summary,  the  conceptual  picture  is  as  shown  in  Fig.  1,  with 
a  shock  front  causing  collapse  of  the  vapour  layer  around  the  melt  and  the  subsequent 
relative  acceleration  of  the  melt  droplets  and  water  causing  fine-scale  fragmentation 
and  heat  transfer.  In  the  Board-Hall  model,  as  in  the  ZND  model,  the  propagation 
velocity  and  the  final  pressure  can  be  determined  from  the  initial  conditions  and  the 
equation  of  state  of  the  reactants,  provided  that  use  is  made  of  the  Chapman-Jouguet 
condition. 

Immediately,  concerns  are  raised  as  to  which  sound  speed  should  be  used  in  a  two- 
phase  mixture  and  the  applicability  of  assuming  homogeneous  conditions  and  complete 
‘combustion’.  It  is  evident  that  the  multiphase  system  is  much  less  well  mixed  than  the 
gaseous  system,  and  that  there  are  a  number  of  significant  lengthscales,  i.e.  the  inter¬ 
droplet  spacing,  the  droplet  size  and  the  length  of  the  reaction  zone.  These  obviously 
play  an  important  role  in  the  propagation  behavior,  since  if  the  inter-droplet  spacing 
is  too  large  the  propagation  will  fail. 
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a)  Physical  picture 


Figure  1:  The  conceptual  picture  employed  in  the  Board-Hall  model. 


One  is  immediately  led  to  the  need  to  distinguish  between  a  system  which  is  a 
multiphase  continuum,  to  which  the  above  analysis  may  apply,  and  that  which  is  not, 
to  which  the  above  analysis  certainly  does  not  apply.  An  example  of  the  latter  system 
is  the  ‘propagation’  along  an  array  of  droplets  as  examined  by  Frost  and  Ciccarelli  [7]. 
We  will  return  to  the  issue  of  continuum  behavior  later. 

The  one-dimensional  nature  of  the  model  must  also  be  questioned,  if  for  no  other 
reason  than  the  fact  that  any  real  mixture  is  inhomogeneous,  and  such  mixture  inho¬ 
mogeneities  have  been  shown  computationally  to  reduce  propagation  pressures  signif¬ 
icantly  [8].  In  addition,  the  very  existence  of  a  steady-state  solution  depends  on  the 
initial  conditions,  and  if  much  vapor  is  present  no  steady-state  exists  [9]. 

It  is  also  important  to  realize  that  whilst  the  ZND  model  provides  a  reasonable 
estimate  of,  for  example,  detonation  velocities,  the  physical  picture  is  incorrect,  with 
detonation  propagation  being  governed  by  the  behavior  of  3D  detonation  cells  [4].  Thus 
there  is  no  reason  to  believe  that  the  simple  ID  picture  will  apply  in  the  melt/ water 
explosion  case.  Frost  et  al.  [10]  have  postulated  that,  if  this  analogy  holds,  it  should  be 
possible  to  determine  critical  expansion  ratios  beyond  which  propagation  fails.  They 
also  postulated  that  multiphase  deflagrations  may  provide  a  better  analogy  than  det¬ 
onations  for  physical  explosions.  Fletcher  [11]  has  performed  ‘scoping’  calculations 
which  suggest  that  the  detonation-like  solution  gives  pressure  transients  closer  in  shape 
to  those  observed  experimentally.  However,  clarification  requires  detailed  experimental 
data. 
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3  The  Computational  Fi'amework 

All  attempts  to  calculate  either  the  detailed  variation  of  properties  across  a  propaga¬ 
tion  front  or  the  t.  ansient  escalation  from  a  trigger  have  employed  multiphase  equations 
[2].  These  equations  assume  that  the  system  can  be  represented  as  an  interpenetrating 
continuum,  the  properties  of  each  phase  varying  smoothly  in  space.  All  phases  are 
assumed  to  ‘share’  a  common  pressure.  Simple  order  of  magnitude  estimates  show  that 
pressure  equilibration  is  fast,  since  a  typical  sound  speed  is  of  the  order  of  100  m/s 
and  a  typical  dimension  in  a  computational  volume  is  10  mm,  giving  a  characteristic 
timescale  of  0.1  ms. 

However,  temperature  variations  are  much  greater,  with  a  typical  thermal  boundary 
layer  thickness  around  a  melt  fragment  being  of  order  \/at,  where  a  is  the  thermal 
diffusivity  of  the  water  and  t  is  the  time  since  the  fragment  formed.  Thus,  in  1  ms, 
the  typical  boundary  layer  thickness  developed  is  0.1  mm.  Baines  [12]  performed  an 
analysis  along  these  lines  to  explain  the  behavior  observed  in  tin- water  propagations. 
More  recently,  Theofanous  and  co-workers  [13]  have  used  a  combination  of  optical  and 
A'-ray  photography  to  determine  the  rate  at  which  fragments  mix  with  water,  and 
have  shown  that  this  partial  mixing,  which  they  refer  to  as  ‘microinteraction’,  must  be 
allowed  for  if  the  escalation  rate  is  to  be  correctly  predicted. 

The  conservation  equations  used  to  model  multiphase  flow  have  been  the  subject 
of  considerable  debate,  since,  as  with  turbulence  modelling,  there  are  many  unknown 
quantities  which  have  to  be  represented.  The  equation  set  used  by  most  workers  ig¬ 
nores  many  of  these  effects,  but  are  capable  of  predicting  wave  propagation  behavior. 
Theofanous  ei  al.  [13]  have  used  this  set  of  equations  augmented  in  such  a  manner  that 
the  fragments  and  heated  water  form  one  phase  at  a  common  temperature,  and  the 
unheated  water  form  another.  They  allow  mass  and  momentum  transfer  between  these 
phases  in  order  to  represent  the  local  mixing  between  the  fragments  and  water.  Such 
complexities  are  not  required  in  the  gaseous  explosion  case,  and,  consequently,  many 
fewer  constitutive  relations  are  needed. 

The  choice  of  fragmentation  model  largely  determines  the  predicted  behavior.  The 
different  mechanisms  of  hydrodynamic  (based  on  relative  velocity  fragmentation)  and 
thermal  (based  on,  for  example,  water  entrapment  and/or  bubble  collapse)  are  usu¬ 
ally  used  [2].  Whilst  it  is  clear  that  thermal  mechanisms  play  a  role  in  single  droplet 
fragmentation,  and  therefore  most  likely  in  triggering,  it  seems  impossible  that  a  propa¬ 
gation  can  be  sustained  by  such  a  mechanism,  since  thermal  fragmentation  rates  are  too 
slow  and  the  density  difference  between  vapor  and  liquid  disappears  at  high  pressure. 
The  fact  that  changing  the  water  viscosity  and  surface  tension  can  have  a  dramatic 
affect  on  the  propagation  behavior  has  yet  to  be  addressed  in  propagation  models. 

4  Experimental  Database 

The  nrain  reason  why  so  many  questions  remain  is  the  difficulty  of  performing  well- 
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instrumented  experiments.  Only  recently  have  experiments  been  performed  which  show 
the  details  of  the  fragmentation  behavior  and  allow  quantitative  data  on  the  fragment 
mixing  rate  to  be  determined.  Experiments  in  which  a  well-defined  initial  condition 
has  been  achieved  are  few  in  number,  but  progress  is  being  made  in  Ispra  [14]  and  at 
the  University  of  Wisconsin  [15].  With  continued  experimental  advances  it  should  be 
possible  to  validate  propagation  models  for  a  ID  tube  geometry.  However,  even  here  it 
is  necessary  to  distinguish  between  the  two-phase  propagations  which  occur  in,  say,  the 
tin- water  system  [15]  and  the  supercritical  propagations  observed  in  some  cases  when  a 
more  energetic  melt  is  used  [14].  Validation  of  complex  multi-dimensional  behavior  will 
take  much  longer,  as  will  the  quantification  of  the  venting  effect  observed  in  shallow 
water  pools. 

This  is  in  contrast  to  the  study  of  gaseous  detonations,  where  detonation  ceU 
sizes  are  now  routinely  measured  and,  for  example,  critical  tube  diameters  are  well- 
established.  The  single  phase  nature  of  this  problem  has  clearly  facilitated  this  task. 

5  Conclusions 

Application  of  the  ZND  model  of  gaseous  detonations  to  physical  explosions  gener¬ 
ated  a  framework  for  the  modelling  of  physical  explosions  which  has  proved  to  be  very 
useful.  It  has  stimulated  considerable  model  development,  which  has  allowed  many  of 
the  complexities  of  multiphase  explosions  to  be  investigated.  Current  models  produce 
qualitative  results  only,  but  validation  work  underway  should  improve  this  situation 
considerably.  It  is  now  the  correct  time  to  take  a  .step  back  and  decide  what  advances 
made  in  the  gaseous  detonation  field,  especially  in  terms  of  numerical  methods,  can  be 
utilized  by  multiphase  explosion  researchers. 
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THE  PHENOMENOLOGICAL  THEORY  OF  NONSTEADY 
BOILING  OF  VAPOR-IMBUED  LIQUIDS 

Yu.  A.  Gostintsev,  L.  A.  Sukhanov 

Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 


Nonsteady  boiling  is  a  widespread  phenomenon  in  nature  and  technology.  It  takes 
place,  for  example,  when  cryogenic  liquids  spill  on  relatively  warm  surfaces  (accidents 
with  heavy  rockets  at  launching  sites,  leakage  from  storage  facilities  and  tankers  con¬ 
taining  liquified  gases  and  so  on)  or  when  highly  heated  bodies  interact  with  colder 
liquids  (flows  of  volcanic  lava  in  contact  with  water,  accidents  in  metallurgy,  etc.).  If 
the  heated  bodie'.  have  well-developed  surfaces  (e.  g.,  aggregates  of  the  small  particles) 
their  interaction  with  liquid  can  lead  to  the  so-called  steam  explosion.  This  phenomenon 
is  usually  accompanied  by  fast  pressure  rise  and  distraction  of  the  vessel  walls  (which 
is  possible  in  the  case  of  heavy  accident  with  the  nuclear  power  plant  reactor).  In  any 
case,  the  nonsteadiness  of  the  vapor-imbued  liquid  boiling  is  a  consequence  of  the  time 
variation  of  the  temperature  jump  at  the  “boiling  liquid  -  underlying  material”  contact 
surface  (internal  factor)  and  ihe  variability  of  external  factors  (pressure,  acceleration, 
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etc.).  The  term  “temperature  jump”  mentioned  above  describes  the  difference  between 
the  temperature  of  the  underlying  material  surface  and  that  of  the  boiling  liquid  at  the 
given  pressure. 

There  are,  in  general,  two  approaches  to  the  problem  of  quantitative  description  of 
nonsteady  boiling. 

The  first  one  involves  formulation  and  analysis  of  the  complete  set  of  equations 
adequately  describing  the  boundary  problem  for  the  processes  of  heat  and  mass  transfer 
in  the  vapor-liquid  and  underlying  media  simultaneously.  Such  approach  has  not  been 
implemented  as  of  yet . 

The  second,  phenomenological  approach,  can  be  based  on  experimental  or  theoret¬ 
ical  data  on  the  steady  regimes  of  boiling,  if  the  heat  and  mass  transfer  processes  in 
the  vapor-liquid  can  be  treated  as  quasisteady  as  compared  to  the  thermal  relaxation 
in  the  underlying  material  and  to  the  time-varying  external  factors.  The  mathematical 
description  of  the  nonsteady  boiling  is  substantially  simplified  in  this  case,  since  the 
problem  mentioned  above  (approach  one)  can  be  reduced  to  a  single  time-dependent 
equation  for  heat  transfer  in  the  underlying  material.  The  boundary  condition  at  the 
contact  then  can  be  taken  from  the  data  of  steady-state  experiments  or  theory. 

The  approacli  described  here  is  similar  to  that  used  in  the  phenomenological  theory 
of  the  nonsteady  combustion  of  powder,  developed  by  Ya.  B.  Zel’  lovich  and  his  followers 
[1-3]. 

The  quantitative  analysis  of  the  applicability  region  of  the  phenomenological  ap¬ 
proach  to  nonsteady  vapor-imbued  liquids  boiling  on  heat  conducting  media,  the  math¬ 
ematical  model  formulation,  and  the  calculations  for  water,  oxygen,  nitrogen  and 
methane  boiling  on  various  materials  performed  in  the  present  investigation  were  partly 
published  in  [4]. 

It  has  been  shown  that  the  “rigid”  quasisteadiness  condition  imposed  on  the  vapor- 
liquid  phasp  is  well  satisfied  for  any  regime  of  noticeable  boiling  on  thermally  highly 
active  metals  and  is  violated  for  the  materials  with  relatively  low  values  of  \,p,C,  (for 
example,  asbestos  or  paraffin). 

Note  that  the  characteristic  variation  times  of  the  external  disturbing  factors  for  the 
quasisteady  vapor-liquid  phase  must  be  (for  the  different  “liquid  -  underlying  material” 
pairs)  more  than  10~^  to  10“^  s. 


References 

[1]  Zel’dovich  Ya.  B.  Zhurnal  Eksperimentalnoi  Teoreticheskoi  Fiaiki,  1942,  12,  11-12 
(in  Russian). 

[2]  Novozhilov  B.  V.  Unsteady  Burning  of  Solid  Rocket  Propellants.  Moscow,  Nauka, 
1973  (in  Russian). 


444 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


[3]  Gostintsev  Yu.  A.,  Sukhanov  L.  A.,  Pokhil  P.  F.  Zhurnal  Prikladnoi  Mekhaniki 
Tekhnicheskoi  Fiziki,  1971,  5-6  (in  Russian). 

[4]  Gostintsev  Yu.  A.,  Sukhanov  L.  A.  ei  al.  Dynamics  of  Spillage  and  Evaporating 
of  Liquefied  Gases.  Preprint  of  the  Institute  of  Chemical  Physics,  Chernogolovka, 
1991  (in  Russian). 


A  MODEL  OF  CHEMICAL  CONDENSATION  IN  THE  DIRECT 

FLOW  CVD  REACTOR 

Yu.  M.  Grigoryev*,  A.  A.  Markov^,  1.  A.  Filimonov* 

*The  Institute  for  Structural  Macrokinetics,  Chernogolovka,  Russia 
•  The  Institute  for  Problems  in  Mechanics,  Moscow,  Russia 

The  processes  of  chemical  condensation  from  gas  mixtures  have  so  far  been  de¬ 
scribed  only  at  the  stage  of  primary  nuclei  formation  [1-4]  or  at  the  final  moments 
of  new  phase  generation  [5,  6].  Within  the  framework  of  the  Frenkel-Zel’dovich  the¬ 
ory  [1,  2]  and  quasi-chemical  models  [3,  4],  supersaturation  in  the  reacting  medium 
is  considered  as  a  constant,  the  effects  of  interface  boundaries  and  transfer  processes 
being  not  taken  into  account.  The  Lifshits-Slezov  theory  [5,  6]  deals  with  the  case 
of  negligibly  small  supersaturation.  Thus,  the  kinetics  of  new  phase  generation  ac¬ 
companied  by  the  change  in  the  degree  of  supersaturation  (the  intermediate  stage  of 
gas-to-solid  conversion)  has  not  been  considered  as  of  yet,  except  for  some  particular 
problems  concerning  vapor  condensation  and  mass  crystallization.  Nevertheless,  it  i.s 
the  intermediate  stage  which  determines  the  condensed  product  dispersion.  The  pro¬ 
cess  of  chemical  conversion  in  a  gas  mixture  flow  in  a  cylindrical  tube  with  smooth 
walls  at  a  constant  temperature  was  modeled  applying  to  the  theory  of  CVD  reactors. 
The  initial  temperature  of  the  walls  was  assumed  to  be  equal  to  that  of  the  gas  mixture 
flowing  in  and  chemical  conversion  is  negligibly  small.  Thus,  a  hydrodynamic  Poiseuille 
flow  with  uniform  distributions  of  temperature  and  mixture  components  occurs  in  the 
tube.  At  some  moment,  the  wall  temperature  is  instantaneously  increased  to  remain 
constant  during  the  entire  process.  The  gas  mixture  consists  of  reacting  and  inert  gases 
with  fine  particles  of  a  condensed  product  uniformly  distributed  in  the  gas  at  the  initial 
moment.  Due  to  the  heterogeneous  chemical  reaction,  the  size  of  condensed  particles 
varies.  The  chemical  conversion  of  gas-to-solid  type  takes  place  both  in  the  gas  volume 
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Figure  1:  Premixed  acetyLne-argon 
combustion  in  a  tube:  (a)  tempera¬ 
ture  isolines;  (b)  isolines  of  particle  ra¬ 
dius;  (c)  isolines  of  gaseous  product 
concentration. 


(homogeneously)  and  on  the  reactor 
walls  or  the  suspended  particles  (het¬ 
erogeneously). 

On  the  macroscopic  scale,  the 
problem  was  posed  for  a  continuum, 
which  includes  the  diffusion  equations 
for  temperature  and  gas  concentrations 
with  chemical  sources,  the  equations 
of  continuity  and  momentum,  and  the 
equation  of  state. 

The  microscopic  gas  fluxes  induced 
by  heterogeneous  chemical  condensa¬ 
tion  give  rise  to  nonzero  macroscopic 
fluxes  of  the  gas  components.  As¬ 
suming  that  the  heterogeneous  chem¬ 
ical  conversion  on  the  particle  surface 
is  quasistationary  and  the  approxima¬ 
tion  of  independent  diffusion  is  correct, 
the  average  values  of  the  microscopic 
gas  fluxes  were  calculated.  The  parti¬ 
cle  curvature  effect  on  the  surface  con¬ 
centration  of  saturated  vapor  was  taken 
into  account  for  the  condensed  prod¬ 
uct.  An  ordinary  differential  equation 
describing  the  evolution  of  the  particle 
radius  has  been  obtained  for  the  case 
of  spherical  condensed  particles. 

A  new  parabolization  technique 
was  developed  in  order  to  provide  a  sta¬ 
ble  algorithm  for  numerical  simulation 
of  combustion.  As  a  result,  the  pro¬ 
cesses  on  scales  different  from  one  an¬ 
other  by  orders  of  magnitude  were  an¬ 
alyzed. 

By  virtue  of  simultaneous  numer¬ 
ical  analysis  of  the  process  on  both 
macroscopic  and  microscopic  scales, 
the  possibility  of  analyzing  the  modes 
of  chemical  conversion,  the  thermal  fea¬ 
tures  of  the  process,  the  conditions  of 
transition  from  heterogeneous  to  homo¬ 
geneous  condensation,  and  the  disper- 
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sion  of  the  condensed  particles  has  been  demonstrated.  As  an  example,  premixed 
acetylene-argon  combustion  widely  used  in  practice  was  simulated  (see  Fig.  1). 

The  work  is  supported  by  the  Russian  Fundamental  Research  Fund  Grant  No.93- 
03-18445. 
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32000  Israel 


The  ideas  developed  in  combustion  theory  have  been  successfully  applied  to  front 
propagation  problems  in  different  branches  of  physics(l].  In  the  present  contribution, 
we  consider  the  propagation  of  fronts  between  competing  patterns  in  a  nonequilibrium 
system. 
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(a) 


c 


Figure  1:  The  velocity  of  propagation  of  linear  (L)  and  nonlinear  (N)  equilibrium-rolls 
(ER),  equilibrium-hexagones  (EH),  and  rolls-hexagons  (RH)  fronts  as  a  function  of  the 
parameter  p:  (a)  near  the  critical  point  /x  =  0;  (b)  at  large  u  =  2.  The  segments 
actually  determining  the  propagation  velocity  are  shown  by  solid  lines. 


We  will  focus  on  convection  patterns  in  a  horizontal  layer  of  fluid  heated  from 
below,  which  provide  a  typical  example  of  dissipative  structures.  The  crucial  feature  of 
this  system  is  its  rotational  symmetry,  which  leads  to  a  variety  of  competing  patterns 
(rolls,  square  patterns,  hexagonal  patterns  etc.).  Different  kinds  of  patterns  can  arise 
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in  different  spatial  domains.  These  domains  are  separated  by  intermediate  zones,  which 
can  be  called  “domain  boundaries”  of  “fronts”. 

The  dynamics  of  such  fronts  resembles  the  dynamics  of  the  frontal  propagation 
of  chemical  reactions  or  phase  transition.  Near  the  instability  threshold,  the  convec¬ 
tion  patterns  can  be  described  by  amplitude  equations  [2,  3]  similar  to  the  Landau- 
Khalatnikov  kinetic  equation: 


daj 

dt 


(1) 


A 

'l  ^ 

■ 

/  dx  dy 

.  i=i 

• )  «iv) 

where  Cj  is  the  envelope  function  corresponding  to  a  system  of  rolls  with  the  wavevector 

Tlj. 

The  planar  front 

aj  =  a_,(z),  z  —  X  -  ct  (3) 

moves  always  in  the  direction  of  patterns  characterized  by  higher  density  of  the  Lya¬ 
punov  functional.  One  should  distinguish  two  kinds  of  fronts: 

(i J  fronts  between  two  locally  stable  patterns  corresponding  to  different  minima  of  V ; 

(ii)  fronts  between  a  stable  pattern  and  an  unstable  one,  which  corresponds  to  a  saddle 
point  or  a  maximum  of  V. 

In  the  former  case  the  front  solution  is  usually  unique,  whilst  in  the  latter  case  there  is 
an  infinite  number  of  solutions  (3)  with  different  values  of  c.  However,  even  in  the  latter 
case,  for  “typical”  initial  conditions,  the  limit  velocity  of  the  front  (as  t  oo)  can  be 
determined  uniquely  by  means  of  some  criteria.  The  first  criterion  is  linear;  it  selects 
the  pattern  generated  at  the  leading  edge  of  the  propagation  front  [6,  7].  The  second 
one  is  essentially  nonlinear  and  selects  the  so-called  “nongeneric  front”  [8].  The  front 
with  the  larger  propagation  velocity  eventually  prevails.  Figure  1  shows  the  typical 
dependence  of  front  velocities  on  the  control  parameter  [9j.  The  problem  is  described 
by  the  system  of  Eqs.  (1),  (2)  with  A  =  3, 

1  3  ^33 

V{ax,  a2,  as)  =  +  ai«2«3)  +  7 

^  j=i  k=i 

I'jk  =  1'  + {I  - 

An  important  peculiarity  of  front  propagation  in  nonequilibrium  patterns  is  the 
anisotropy  caused  by  cellular  patterns.  The  velocity  of  the  front  between  two  different 
patterns  depends  on  the  direction  of  its  propagation.  This  is  especially  important  for 
the  case  of  curved  front  [lOj.  If  the  difference  between  Lyapunov  functional  densities  [F] 
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of  the  coexisting  patterns  is  sufficiently  large,  the  curvature  effects  are  unimportant, 
and  every  point  of  the  front  moves  at  a  certain  normal  velocity  depending  on  the 
direction  of  the  local  normal  vector.  In  this  case,  the  problem  of  front  propagation  can 
be  solved  exactly  by  the  method  of  characteristics.  For  small  or  zero  differences,  the 
curvature  effects  should  be  taken  into  account,  and  the  normal  velocity  depends  on  the 
orientation  of  the  normal  vector  and  distortion  of  the  front.  In  the  latter  case,  the  front 
tends  typically  to  flatten  in  the  long  run. 

Two  phenomena  specific  for  the  problem  of  pattern  formation  should  be  mentioned. 
The  first  one  is  the  effect  of  the  wavenumber  selection  generated  by  fronts  [5,  6].  It 
turns  out  that  the  front  produces  patterns  with  a  quite  definite  wavenumber.  The 
other  effect  is  the  interaction  between  the  “large-scale”  front  and  the  underlying  small- 
scale  convection  structure;  this  effect  is  an  example  of  nonadiabatic  effects  [4].  This 
interaction  is  most  important  for  small  [F]  and  can  lead  to  a  “pinning”  of  the  front  by 
the  small-scale  structure  [5].  As  a  result,  one  obtains  a  motionless  front  between  two 
structures  with  different  densities  of  the  Lyapunov  functional  [11], 
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THE  ZEL’DOVICH  PROBLEM  FOR  KPP  EQUATIONS 
(KOLMOGOROV-PETROVSKII-PISKUNOV  EQUATIONS) 

S.  I.  Khudyaev 

Syktyvkar  State  University,  Syktyvkar,  Russia 

A  wave  solution  of  the  heat  balance  equation 

tr=txx  +  <Pit)  (1) 

of  the  type  t[x,T)  =  t(a:  +  ur),  where  u  is  the  constant  speed  to  be  determined,  satisfies 
the  ordinary  differential  equation  [1] 

-  ut(^  +  (p{t)  =  0,  ^  =  x  +  ut.  (2) 

The  above  equation  is  further  investigated  under  the  boundary  conditions 

<(-oo)  =  0,  t{+oo)  =  1.  (3) 

In  [1],  the  problem  described  by  Eqs.  (2),  (3)  was  thoroughly  investigated  assuming 
that 

^(0)  =  ^(1)  =  0,  V7(t)>0,  0<f.  <1,  (4) 

ip{t)<  0<t<l.  (5) 

In  fact,  the  more  restrictive  boundary  condition  <p'{t)  <  <p'{0)  for  0  <  t  <  1,  was  used 
in  [1]  instead  of  Eq.  (5).  However,  the  results  of  [1]  on  the  solvability  of  the  problem 
(2),  (3)  for  the  semi-infinite  speed  spectrum  u>  uo  >  0  and  the  formula 

uo  =  =  UKPP  (6) 

for  the  lower  boundary  of  the  spectrum  are  valid  if  Eq.  (5)  is  fulfilled.  The  semi-infinite 
speed  interval  [2]  has  been  known  to  appear  only  with  Eq.  (4)  satisfied.  However, 
generally  speaking,  Eq.  (6)  is  not  applicable  to  the  lower  boundary  uq-  Nevertheless,  it 
was  noted  in  [3]  that  Eq.  (6)  remains  valid  when  Eq.{5)  is  violated.  Therefore,  in  1979 
Ya.  B.  Zel’dovich  put  forward  the  problem  of  extension  of  the  KPP  class  of  equations 
(Eqs.  (1)  or  (2)  with  function  ^p{t)  obeying  Eqs.  (4),  (5)),  for  which  Eq.  (6)  would 
remain  valid  as  the  lower  boundary  of  the  speed  spectrum. 

With  Eq.  (4)  satisfied,  the  solution  t{^)  to  the  problem  (2),  (3)  is  monotonically 
increasing  [1,  2]  so  that  q{i)  =  t^{i)  is  the  positive  solution  of  the  equation 

^  =  9(0)  =  g(l)  =  0.  (7) 
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Thus,  if  uq  >  0,  it  follows  from  Eq.  (7)  that 


(8) 


Integrating  Eq.  (7)  term  by  term  and  taking  into  account  Eq.  (8),  we  obtain 

^1/2 


=  =  (2/Wr)dr) 


0  ■  ■  0  '  '  0 

Thus,  to  solve  the  problem  (2),  (3)  with  conditions  (4),  the  inequality 

1/2 


U>  ^  j  =  UZFK 


(9) 


must  be  satisfied.  In  combustion  theory  [3),  the  right-hand  side  of  Eq.  (9)  represents 
the  well-known  approximate  Zerdovich-Frank-Kamenetskii  formula  for  the  flame  speed. 
Inequality  (9)  is  valid  for  the  lower  boundary  Mq.  Consequently,  to  satisfy  Eq.  (6),  the 
inequality 

1 

¥>^(0)  >  ^  j  (p{t)dt  {ufipp  >  uzfk)  (10) 

0 

must  be  observed.  It  should  be  noted  that  condition  (5),  being  sufficient  for  Eq.  (6)  to 
be  valid,  satisfies  the  inequality 


1 

<p'{0)  >2  j  (p{t)dt  [uKPp  >2uzfk)-  (11) 

0 

We  present  here  one  extension  of  the  class  of  functions  (4),  (5),  as  well  as  the 
conditions  necessary  for  satisfying  Eq.  (6)  in  the  form 


1 

V^^(O)  >  j  <p(t)dt  {uKPP  >  ^/2uzfk)-  (12) 

0 

The  Zel’dovich  problem  is  not  solved  herewith.  Nevertheless,  the  example  considered  in 
[3]  shows  that  the  necessary  condition  (12)  is  nearly  sufficient,  and  the  class  of  functions 
to  be  investigated  is  of  interest. 

Let  us  start  with  the  following  auxiliary  proposition.  Let  <^(t)  be  a  positive  function 
of  0  <  <  <  <,,  continuous  and  smooth  in  the  neighborhood  of  t  =  0,  and  suppose  that 
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y)(0)  =  0,  ^^(0)  >  0.  Let  q{t)  be  the  positive  solution  to  Eq.  (7)  in  the  interval  0  <  t  < 
under  the  condition  that  g(0)  =  0  with  some  u  >  ujcpp.  Suppose  further  that 

(p{t)  >  ct,  0  <  t  <  t,,  (13) 

for  some  c  >  0,  and  X  is  the  positive  root  of  the  equation 

-  wA  +  c  =  0.  (14) 

Then,  in  the  interval  0  <  t  <  t«,  the  inequality 

q{t)<Xt  (15) 

holds. 

First  of  all,  it  should  be  noted  that  Eq.  (13)  entails  the  inequality  c  <  ^'(0),  such 
that  -  4c  >  0,  and  Eq.  (14)  has  a  positive  root  A.  Let  us  assume  for  a  while  that 
the  strict  inequality  c  <  y>^(0)  is  satisfied.  Then  (see  Eq.  (7)), 

A  >  g'(0)  =  ^  (l  +  \/l-4^'(0)u-2)  .  (16) 

Function  q.{t)  =  At  satisfies  the  equation 

q[=u-ctq~^.  (17) 


Taking  into  account  Eq.  (13)  we  obtain  fromEqs.  (7)  and  (17)  that 


(9-9.)'  = 


tp{l)  -  ct 

9 


(9-9-). 


whence 

9(t)  -  At  <  (g(c)  -  Ae)exp  j  ,  e  <  t  <  t., 

for  arbitrary  small  e.  Taking  into  account  Eq.  (16),  we  have  ry(c)  -  Ac  <  0,  thereby 
satisfying  Eq.  (15).  The  assumption  c  <  >^'(0)  can  now  be  easily  dropped  by  means  of 

the  increasing  sequence  c„  -»  v?'(0)  as  n  00.  _ 

ki  u  -  UKPP,  c  =  V7'(0),  and  inequality  (15)  holds  for  A  =  ■/^'(O). 

Based  on  Eq.  (15),  the  following  results  can  be  obtained. 

In  the  class  of  functions  <p{t)  obeying  conditions  (4)  and  the  inequalities 

¥>(«)>  V’'(0)t,  0<t<t.,  (18) 

7>{t)  <  t*  <  t  <  1  (19) 

for  some  t.,  0  <  t.  <  1,  the  inequality  (12)  is  necessary  for  satisfying  Eq.  (6). 
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When  U  =  0,  Eq.  (18)  is  dropped,  Eq.  (19)  being  reduced  to  (5).  In  this  case, 
Eq.  (11)  holds,  and  so  does  Eq.  (12).  Therefore,  it  suffices  to  consider  t*  >  0.  From 
Eq.  (7),  we  have 

u  j  qdt  =  j  (p{t)  dt  +  — " .  (20) 

0  0 

Condition  (18)  makes  it  possible  to  use  inequality  (15)  at  c  =  V’XO)-  At  u  =  ukpp,  we 
have  q  <  \/ip'{Q)t,  0  <  t  <  t,.  Therefore,  it  follows  from  Eq.  (20)  that 


m  > 


i  j  (p{t)dt  +  ^-^  >^l (p{t)dt. 


(21) 


If  t,  =  1,  then  inequality  (12)  is  vaUd.  Let  t,  <  1.  Consider  the  function 


^  J (22) 

0 

From  Eq.  (21)  it  follows  that  ^(0)  >  ^(<»).  Let  us  show  that  r{){$)  <  ^(t«)  at  s  >  t». 
We  write  out  the  equation 

i’is)  =  i’iU)  +  ^  j (p{s)ds  -  fl  -  M  (23) 

From  Eqs.  (18)  and  (19),  we  have 

V'(<-)  >  ^¥’'(0),  j  (pds<(p'{0)^-^^,  (s>t.). 

f. 

Then,  from  Eq.  (23),  we  obtain  at  s  >  t,: 

<  V'(<.)  +  -  ^(<.))  <  i’iQ- 

If  s  =  1,  then  Eq.  (21)  yields  Eq.  (12). 

For  example,  the  function  q>{t)  =  at  +  for  t  <  1,  v?(l)  =  0  (n  >  1,  a  >  0,  /3  >  0) 
satisfies  Eqs.  (4),  (18),  (19)  with  =  1.  Inequality  (5)  does  not  hold  at  any  t,  £  (0,  1). 
However,  the  problem  (2),  (3)  is  solvable  and  the  formula  (6)  is  quite  true  at  /3  <  a. 
Inequality  (12)  is  /?  <  (n  +  l)/2  •  a  for  the  above  function. 
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OPTICAL  DEFLAGRATION  IN  WATER  VAPOR 
G,  1.  Kozlov,  V.  A.  Kuznetsov 

Institute  for  Problems  in  Mechanics,  Moscow,  Russia 


In  studies  of  the  interaction  between  powerful  laser  beams  and  water  a  new  effect 
was  discovered,  termed  optical  deflagfation  in  water  vapor.  The  experiments  were 
conducted  using  a  CO2  laser  with  output  power  7  kW.  The  laser  beam  was  focused  by 
a  lens  at  some  distance  above  water  surface  inside  a  quartz  tube  60  nmi  in  diameter, 
half- filled  with  water. 

At  the  initial  moment  of  laser  beam  action  on  the  water  surface,  we  observed  intense 
boiling  and  vaporization  with  formation  of  vapor  flow  in  the  tube  with  velocity  about 
1-2  m/s.  The  pattern  of  the  interaction  was  determined  by  the  focus  location  above 
water  surface.  At  small  distances  (5-10  cm)  in  the  focusing  region  a  pattern  typical 
for  laser  breakdown  of  gases  was  observed.  Probably,  the  laser  breakdown  in  water 
vapor  was  initiated  by  the  contaminant  microparticles  existing  in  the  water.  In  our 
experiments,  the  breakdown  plasma  may  serve  as  a  “match”  for  the  ignition  of  optical 
deflagration. 

With  an  increase  of  distance  between  focus  and  water  surface  over  15  cm,  the 
ignition  and  development  of  optical  deflagration  flameball  occurred.  Figure  la  shows  a 
photograph  of  these  flameballs  forming  sequentially  near  the  focus  and  moving  upward 
along  the  tube.  A  periodical  regime  of  optical  deflagrational  combustion  established, 
with  the  frequency  of  flashes  increasing  with  an  increase  in  the  distance  between  focus 
and  water  surface. 
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Figure  1. 


Finally,  when  this  distance  was  increased  to  about  25  cm,  the  periodical  process 
transformed  into  a  stationary  torcli  of  optical  flame.  A  photograph  of  this  flame  is  s 

shown  in  Fig.  lb. 
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Figure  2. 


It  is  important  to  emphasize 
the  fact  that  the  optical  deflagra¬ 
tion  occupied  only  the  laser  beam 
cone.  It  can  be  seen  that  flame 
front  is  absent  and  combustion 
is  of  distributed  nature.  Taking 
this  into  account,  we  can  con¬ 
clude  that  the  deflagration  flame 
torch  is  a  realization  of  an  equi¬ 
librium  process  involving  heat¬ 
ing  and  dissociation  of  water  va¬ 
pors.  The  water  dissociation  and 
hydrogen  formation  in  the  laser 
beam  has  been  proved  by  chro¬ 
matographic  analysis. 


Evidently,  the  nature  of  optical  deflagration  is  related  to  the  heating  of  water  vapor 
by  laser  energy  input  into  vibrational  degrees  of  freedom  of  water  molecules.  In  the 
ground  state,  a  water  molecule  absorbs  CQ2  laser  ra,diation  only  by  a  small  amount, 
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but  with  increasing  vapor  temperature  the  absorption  coefficient  x  also  increases.  To 
measure  the  value  of  x  in  deflagration  flames,  we  performed  experiments  with  a  wide 
vapor  flow  created  by  a  special  steam  boiler. 

The  results  of  this  experiment  are  presented  in  Fig.  2  where  the  length  of  defla¬ 
gration  flame  X,  absorbed  power  AP,  and  the  absorption  coefficient  x  are  shown  as 
functions  of  laser  beam  power  P.  We  can  see  that  the  length  of  deflagration  increases 
with  the  power  increase  from  2  to  5  kW,  x  is  almost  constant  and  equals  0.15  mm~^. 
With  a  gradual  increase  in  the  laser  power,  the  length  remains  almost  constant,  but  x 
increases  sharply,  which  may  be  due  to  an  increase  in  torch  temperature  and  intensifi¬ 
cation  of  hydrogen  combustion  process. 

The  analysis  of  deflagration  requires  a  joint  consideration  of  energy  balance  and 
physicochemical  kinetics  equations  and  is  very  complex  for  a  general  case.  We  can  as¬ 
sume,  as  the  first  approximation,  that  in  our  experiments  the  V-T  relaxation  processes 
dominate  and  sustain  the  system  in  a  virtually  equilibrium  state.  In  this  case,  the 
values  of  concentrations  determine  x  ^nd,  in  any  case,  the  equilibrium  concentration  of 
absorbing  molecules  will  be  determined  by  Boltzmann  factor  rii  —  Thus, 

heat  release  per  unit  volume  is  given  by  Y,  (where  cr,-  is  the  absorption  cross  sec¬ 
tion  area  and  I  is  the  intensity  of  laser  radiation).  Then  the  steady-state  temperature 
of  the  system  will  determine  the  following  energy  balance  equation  for  a  cylindrical 
volume,  assuming  that  heat  losses  are  determined  by  heat  conductivity: 


X(T)P  =  Afl(r),  x  = 


(1) 


where  9{T)  is  the  heat  flux  potential  and  A  is  a  numerical  coefficient,  depending  on  the 
radial  profile  of  T. 

Equation  (1)  admits  several  stationary  solutions  for  the  same  power.  If  the  con¬ 
centration  of  absorbing  particles  is  low,  the  heat  release  is  also  weak,  and  the  heat  is 
removed  from  the  system  by  heat  conductivity  without  heating  the  mixture.  At  high 
temperatures,  there  are  many  absorbing  particles  and  high  power  is  released,  which  is 
removed  from  the  system  by  heat  conductivity  with  high  temperature  gradient.  The 
onset  of  periodic  regime  is  also  possible  in  the  system. 

Note  that  ignition  of  optical  flame  requires  that  water  dissociation  to  be  noticeable, 
which  ca  be  the  case  at  temperatures  about  2000  K  and  higher.  This  temperature 
determines  the  power  threshold  value  P(  for  ignition  of  deflagration  torch.  It  can  be 
determined  from  Eq.  (1),  if  we  assume  that  the  absorption  coefficient  is  x  =  0.15  mm“\ 
according  to  our  measurement  results.  Then,  assuming  that  A  =  2  and  0(2000  K)=  2.4 
W/cm,  we  can  obtain  P(  ft;  1  kW  from  equation  Eq.  (1),  which  agrees  well  with  the 
above  mentioned  experimental  data. 
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NONSTEADY  PROCESSES  IN  TWO-PHASE  GAS-DROPLET 
PERFECT  MIXING  REACTOR 

V.  N.  Pushkin,  A.  M.  Rubanov 

Ukhia  Industrial  Institute,  Ukhta,  Komi  Republic,  Russia 


The  analysis  of  nonsteady  processes  proceeding  in  reacting  volume  is  a  matter  of 
principle  for  the  theory  of  perfect  mixing  reactors.  It  serves  as  a  basis  for  detecting  the 
trends  characteristic  of  the  period  of  reactor  initiation  and  is  necessary  for  studying 
the  stability  of  steady-state  operation  with  respect  to  large  disturbances,  as  well  as 
operation  of  the  reactors  imder  free-running  conditions  [1,  2].  The  steady-state  op¬ 
eration  of  a  two-phase  gas-droplet  perfect  mixing  reactor  were  investigated  earlier  [3] 
using  the  methods  of  thermal  theory  of  combustion.  The  present  paper  is  focusing  on 
the  nonsteady  processes  of  heat  and  mass  transfer  in  the  reactor.  The  key  results  are 
obtained  in  numerical  experiments  simulating  the  development  of  the  processes  men¬ 
tioned.  The  emphasis  is  placed  on  the  dependence  of  reactor  operation  on  the  regime 
parameters  characterizing  the  flow  rate,  conditions  of  heat  exchange  with  surroundings 
and  the  structural  properties  of  the  gas-liquid  mixture.  The  reactor  model  is  based  on 
assumptions  including  the  monodisperse  nature  of  the  starting  mixture,  the  equality 
of  inlet  and  outlet  volumetric  flow  rates,  low  mass  fraction  of  the  dispersed  phase,  the 
preheating  of  a  single-component  liquid  fuel,  the  attachment  of  the  droplets  to  the  gas, 
the  dependence  of  the  gas-phase  reaction  on  a  single  deficient  component  (fuel  vapor). 
According  to  the  assumptions,  the  distribution  of  the  droplet  residence  time  z  can  be 
considered  as  independent  of  the  droplet  size.  Then  it  is  easy  to  show  that  the  equa¬ 
tion  describing  this  distribution  admits  a  self-similar  solution  (f>  -  exp(-2),  and  the 
nondimensional  mathematical  model  of  reactor  takes  the  following  form: 


dCj, 

dr 


-  -Dacf,exp 


0 

1  -Vide 


+  Cfco  +  C20  —  Cfc  —  C2, 


(1) 


.dd  0  Da 

7(1  -  C2)^  =  Dacbcxp  ■■ 

df^  _  0-02 

dr  u;  ■’ 


(2) 

(3) 


Tv 

C2  =  C20  y  exp{-2)  dz.  (4) 

0 

Here,  Cb  is  the  fuel  vapor  concentration;  C2  is  the  liquid  phase  concentration;  0  is  the 
gas  temperature:  0^,  is  the  reactor  wall  temperature;  Da,  Se,  /?,  7  are  the  conventional 
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parameters  of  combustion  theory;  f  is  the  radius  of  droplets  dependent  of  residence 
time  2;  —  the  residence  time  of  the  currently  vanishing  droplets;  w  is  the  scale  of 

heterogeneity  (proportional  to  the  second  power  of  the  initial  droplet  radius  Tq).  The 
droplet  temperature  62  is  assumed  to  be  uniformed  and  constant.  The  suffix  0  refers 
to  the  starting  mixture  parameters. 

Differential  equations  (1)  to  (3) 
were  integrated  by  a  modified  Runge- 
Kutta  method  simultaneously  with  the 
computation  of  droplet  si2e  distribu¬ 
tion  at  every  step  of  integration.  The 
performed  computations  confirm  the 
conclusions  based  on  the  analysis  of  a 
steady-state  model.  Furthermore  nu¬ 
merical  procedure  can  be  used  to  deter¬ 
mine  characteristics  of  theoretical  and 
practical  importance,  such  as  induction 
time  for  transition  to  steady-state  op¬ 
eration,  period  and  amplitude  of  oscil¬ 
lations  in  the  free- running  case. 

Figures  I  to  3  illustrate  the  scope 
of  the  proposed  mathematical  model. 
Figure  1  shows  the  phase  curve  9(ci,) 
for  one  of  the  computed  variants.  The 
unstable  focus  F  in  Fig.  2  corresponds 
to  the  chosen  values  of  the  parameters. 
As  is  shown,  the  phase  trajectory  winds 
about  the  limit  cycle  (with  the  period 
Tcyc  =  1-51),  enveloping  the  singular 
point.  The  latter  fact  means  that  after  the  induction  period  expiration  (Tj,,^  =  29.59) 
the  thermal  mode  of  reactor  operation  .assumes  an  oscillatory  pattern.  Figure  2  allows 
to  retrace  the  evolution  of  droplet  size  distribution  for  the  case  under  study.  The  r^(2) 
distribution  corresponding  to  the  non-realized  steady-state  condition  is  represented  by 
the  straight  line  AB.  The  parametric  diagram  providing  a  basis  for  prediction  of  the 
mode  of  reactor  operation  in  terms  of  steadiness  and  heat-release  rate  is  shown  in  Fig.  3. 
The  multiplicity  curve  (solid)  and  the  Andronov-Hopf  curve  (dotted)  arc-  shown  in  the 
(Ba,  Se)  plane.  The  former  divides  the  quadrant  into  regions  with  different  numbers 
of  steady-state  conditions.  At  crossing  the  Andronov-Hopf  curve,  the  bifurcation  of 
steady-state  conditions  occurs.  The  stable  limit  cycles  are  realized  inside  the  loop  H . 
Point  P  in  the  diagram  corresponds  to  the  variant  of  analysis  presented  ac  3ve. 


Figure  1:  The  phase  plane  of  the  prob¬ 
lem  at  7  =  0.001;  13  =  0.05;  Da  = 
0.1525;  Se  =  0.025^  u;  =  3;  C20  =  0.04; 
Cio  =  0.01,  where  0  =  0f/{c2o  -f  C{,o)); 
C5  —  ^6/(^20  "b  C(,o)' 
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Figure  2:  The  history  of  droplet  size 
distribution  under  conditions  of  Fig.  1. 
—  T  =  0;  2  —  5;  3  —  15;  4  —  25;  5 
29.6;  6  —  30;  7  —  30.35;  8  —  31.05. 


Figure  3:  The  bifurcation  diagram  of 
stable  states  at  7  =  0.001;  /3  =  0.05; 
tu  =  3;  Cfco  =  0.01;  C20  =  0.04. 
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UNSTABLE  OSCILLATIONS  IN  THE  SIMPLEST 
CONTINUOUS-FLOW  STIRRED  TANK  REACTOR  (CSTR) 

V.  K.  Ryabinin 

Chelyabinsk  State  University,  Chelyabinsk,  Russia 


Ya.  B.  Zel’dovich  'vas  the  first  to  investigate  combustion  multistability  in  a  flow  sys¬ 
tem  [1].  Further  developments  in  this  line  by  various  authors  have  helped  to  construct 
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Figure  1:  Typical  location  region  of  unstable  oscillations  in  the  plane  of  wall  tempera¬ 
ture  To  and  Newtonian  cooling  time  mean  residence  time  is  fixed. 


the  theory  of  nonsteady  exothermic  reactions  in  continuous-flow  chemical  reactors,  cer¬ 
tain  results  of  which  have  been  summarized  in  (2-5). 

It  is  well  known  that,  for  certain  combinations  of  parameters,  the  thermal  explosion 
limit  in  a  continuous-flow  combustor  can  transform  into  a  more  or  less  wide  region 
of  oscillatory  combustion  lying  between  low-  and  high-temperature  steady  states.  In 
simplest  two-variable  models  of  CSTR,  oscillations  can  only  have  the  form  of  simple 
limit  cycles  [2-5];  more  complex  models  (3  variables  and  more)  can  generate  oscillations 
with  complex  periods  or  even  chaotic  behavior  [3]. 

Previous  numerical  simulations  of  oscillatory  hydrogen  oxidation  in  CSTR  have 
revealed  several  types  of  complex  oscillations  under  conditions  of  chain  [G]  and  thermal 
[7]  ignition;  the  localization  region  for  such  oscillations,  in  the  case  of  thermal  ignition, 
is  shown  in  Fig.  1.  In  spite  of  the  comparatively  high  dimensionality  of  the  CSTR  model 
employed  (9  variables),  there  were  reasons  to  suppose  that  the  complex  character  of 
oscillations  is  due  not  to  the  model  dimension,  but  rather  to  the  fact  that  the  phase- 
plane  trajectory  intersects  the  ignition  limit  curve  at  a  very  acute  angle.  As  a  result, 
the  coordinates  of  the  intersection  point  (and  ignition  conditions)  are  very  sensitive  to 
small  perturbation.?,  even  such  as  computational  errors  [G,  7). 

If  this  conjecture  is  true,  similar  effects  must  be  displayed  by  the  simplest  CSTR 
model  [4,  5] 


dO 

dj] 

dr 


(r^) 


L. 

si' 

_n_ 

Da' 


(1) 


where  0,  r/,  t  are  the  dimensionless  temperature,  concentration  and  time,  respectively, 
n  is  the  reaction  order,  and  Sc,  Da,-  7,  and  /3  are  the  combustion  theory  paramete’-s. 
Integration  of  Ecis.  (1)  was  performed  by  the  Gear  method. 
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Figure  2:  Unstable  oscillations  in  Eq.  (1)  at  7  =  0.01,  0  =  0.05,  Da  =  0.051663, 
Se  =  0.49665,  and  n  =  1;  computational  accuracy  e  =  10"^. 

The  search  for  the  region  of  complex  oscillations  by  the  method  shown  in  Fig.  1  has 
resulted  in  some  examples  of  unstable  bimodal  oscillations;  one  of  which  is  shown  in 
Fig,  2.  Such  processes  are  observed  in  an  extremely  narrow  range  of  parameters  Se  and 
Da  restricted  to  the  4th  or  even  5th  significant  digit.  Figure  3a  shows  the  phase  plane 
trajectory  for  the  example  shown  in  Fig.  2  in  comparison  with  the  thermal  equilibrium 
isocline  d6/di]  =  0  the  isocline  dB/dt)  =  00.  The  isoclines  intersection  point  5  is  a 
single  and  unstable  stationary  state,  which  is  the  reason  for  oscillations  [4,  5].  One 
can  see  that,  after  complete  reactant  consumption,  the  phase  plane  trajectory  is  almost 
equivalent  to  the  thermal  equilibrium  isocline  but  lies  slightly  below  it.  Such  location 
of  the  phase  plane  trajectory  makes  it  very  sensitive  to  small  perturbations,  which 
can  either  deflect  it  upwards  resulting  in  intensified  reaction  and  a  small-amplitude 
flash,  or  downwards  with  ensuring  reaction  break,  extensive  departure  from  the  ther¬ 
mal  equilibrium,  and  a  subsequent  large  amplitude  flash.  The  instability  of  oscillations 
is  determined  by  the  random  character  of  perturbations  due  to  computational  errors 
which  is  confirmed  by  the  fact  that  with  decreasing  computational  accuracy  the  region 
of  unstable  oscillations  markedly  expands;  moreover,  even  at  fixed  values  of  the  param¬ 
eters  of  Eqs.  (1),  changing  initial  conditions,  computational  accuracy,  or  the  order  of 
operations  in  formulas  leads  to  noticeable  changes  in  the  simulated  pattern.  However, 
even  a  small  deviation  from  the  regime  of  unstable  oscillations  makes  system  (1)  robust 
with  respect  to  these  perturbations.  A  corresponding  example  is  shown  in  Fig.  3b. 

The  results  obtained  are  unusual,  because  unstable  oscillations  cannot  occur  in  the 
reactor  model  (1)  without  dynamic  perturbation  of  its  parameters  [2-5].  We  can  only 
conjecture  that  under  the  conditions  described,  owing  to  the  extraordinary  sensitivity 
of  Eqs.  (1),  calculation  errors  can  act  as  an  external  dynamic  perturbation  destabilizing 
the  oscillations  [3].  Perhaps,  similar  effects  can  manifest  themselves  in  real  reactors  due 
to  small  fluctuations  in  cooling  and  feeding;  the  main  difficulty  in  their  observation  is  the 
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Figure  3:  Thermal  equilibrium  isocline  dOldri  =  0  (1),  dO/drj  -  co  isocline  (2)  and 
phase  plane  trajectory  (3)  for  (a)  example  of  Fig.  2;  (b)  the  same  parameters,  except 
for  Da  -  0.055  and  Se  =  0.5. 

extremely  narrow  range  of  existence.  For  example,  bimodal  oscillations  experimentally 
found  for  hydrogen  oxidation  in  CSTR  under  the  conditions  of  the  second  (chain) 
ignition  limit  were  described  in  [8];  the  nature  of  these  oscillations  may  admit  a  similar 
explanation  [6]. 
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After  expanding  of  the  right-hand  side  of  Eq.  (1)  in  the  powers  of  9  up  to  the  third 
order  we  have 


P  \  pe 

dr  ■'V  3  -  \/3/  2  -  \/3  2  ’ 


(2) 


where  v  =  [V  -  Vc)V~^  and  p  =  {R  -  Rc)Rq^  exp{-eT~^).  Since  the  stationary 
patterns  are  given  by  the  zeroes  of  the  right-hand  side  of  Eq.  (2),  this  corresponds  to 
van  der  Waals  equation  of  state. 

Temperature  6  plays  the  role  of  order  parameter  (density),  the  quantities  v  and  p 
are  the  “pressure”  and  “temperature”,  respectively.  Let  v  be 


V  =  p  -  (3  -  \/3)~^  + 


(3) 


h  being  proportional  to  exp(-ia;t).  Then,  on  linear  approximation,  we  have  for  the 
Fourier  components 

<^0.  =  x(‘^)  =  [P(2  -  \/3)  -  (4) 


The  quantity  x(<^)  is  a  generalized  susceptibility  [3].  At  low  frequencies,  x  can  reach 
an  infinitely  large  value  with  p  approaching  the  critical  point  from  above  (Curie-Weiss 
law). 

The  anomalous  susceptibility  is  obviously  dtie  to  the  increase  in  thermal  relaxation 
time  in  the  vicinity  of  the  critical  point.  This  increase  follows  from  Eq.  (2)  and  is 
characteristic  of  the  order  parameter  behavior.  Since  the  relaxation  time  is  large,  one 
can  assume  the  temperature  fluctuations  to  be  quasisteady.  Hence,  if  h  is  now  a  random 
field,  its  fluctuations  can  be  treated  as  ^-correlated  and,,  according  to  [3],  we  obtain 

{{SUf}  =  (2  -  ,/3)((i')„(2p)-‘  (5) 

for  the  temperature  fluctuations.  Here  (/i^)u;  is  constant  (does  not  depend  on  u>).  For 
example,  we  have 

((5d)2)  =  (?)A-n[c(2;-To)p]-‘ 
for  thermal  (Nyquist)  noise  and 


for  fractional  noise.  Here,  k  is  Boltzmann’s  constant  and  e  is  the  electron  charge. 
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After  expanding  of  the  right-hand  side  of  Eq.  (1)  in  the  powers  of  0  up  to  the  third 
order  we  have 


P  \ 

dr~-'V  3-v/3;  2-v/3  2’ 


(2) 


where  u  =  (E  -  Vc)yc^  ^.nd  p  —  {R  -  Rc)Rq^  exp(-£T~^).  Since  the  stationary 
patterns  are  given  by  the  zeroes  of  the  right-hand  side  of  Eq.  (2),  this  corresponds  to 
van  der  Waals  equation  of  state. 

Temperature  9  plays  the  role  of  order  parameter  (density),  the  quantities  v  and  p 
are  the  “pressure”  and  “temperature”,  respectively.  Let  v  be 


V  =:  p-  (3~  \/3)~^  +  ^, 


(3) 


h  being  proportional  to  exp(-ia)f.).  Then,  on  linear  approximation,  we  have  for  the 
Fourier  components 


9^  =  xMha„  =  [p(2  -  \/3)  -  iw]  \  (4) 


The  quantity  x(w)  is  a  generalized  susceptibility  [3].  At  low  frequencies,  x  can  reach 
an  infinitely  large  value  with  p  approaching  the  critical  point  from  above  (Curie-Weiss 
law). 

The  anomdous  susceptibility  is  obviously  due  to  the  increase  in  thermal  relaxation 
time  in  the  vicinity  of  the  critical  point.  This  increase  follows  from  Eq.  (2)  and  is 
characteristic  of  the  order  parameter  behavior.  Since  the  relaxation  time  is  large,  one 
can  assume  the  temperature  fluctuations  to  be  quasisteady.  Hence,  if  h  is  now  a  random 
field,  its  fluctuations  can  be  treated  as  ^-correlated  and,  according  to  [3],  we  obtain 

{{<9)')  =  (2  -  ^/3)(A')„(2;,)-■  (5) 


for  the  temperature  fluctuations.  Here  (/i^)u)  is  constant  (does  not  depend  on  o’).  For 
example,  we  have 

{{60f)^{\)kTMTc-W 

for  thermal  (Nyquist)  noise  and 


for  fractional  noise.  Here,  k  is  Boltzmann’s  constant  and  e  is  the  electron  charge. 
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PRESPINODAL  THERMAL  DECOMPOSITION  OF  HIGHLY 
ENERGETIC  MATERIALS 

O.  F.  Shlensky*,  E.  F.  Vainshtein^ 

*  Mendeleev  University  of  Chemical  Technology,  Moscow,  Russia 
*  Semenov  Institute  of  Chemical  Physics,  Moscow,  Russia 

The  upper  boundary  of  thermodynamic  stability  of  solids  and  liquids  is  determined 
by  equating  the  second  derivative  ( variation)  of  Gibbs  free  energy  to  zero,  e.g.,  S^G  =  0 
[1].  This  condition  can  be  used  in  determining  the  temperature  T,p  on  the  spinodal  line 
as  a  function  of  pressure.  Because  of  thermolysis,  the  properties  of  chemically  unstable 
substances  have  not  been  thoroughly  inves  igated  in  the  vicinity  of  the  spinodal  line. 
Conventional  methods  of  thermal  analysis  are  of  little  use  for  the  analysis  in  vicinity 
of  the  spinodal  line. 

The  method  of  contact  heating  [2-4]  makes  such  an  investigation  possible.  In  this 
method,  a  small  sample  of  a  substance  is  placed  in  contact  with  a  substrate  (solid  or 
liquid)  heated  to  a  constant  high  temperature.  If  the  sample  is  sufficiently  thin  (2-5 
/an),  the  average  heating  rates  attained  exceed  10'* . . .  10^  K/s.  Owing  to  its  small 
size,  the  sample  fits  tightly  to  the  substrate.  If  the  sample  size  is  smaller  than  critical, 
thermal  explosion  does  not  occur  [3]. 

Using  this  unique  contact  method,  we  were  able  to  show  for  the  first  time  that 
explosion- type  reactions  take  place  before  the  limiting  temperature  T/  of  thermolysis 
is  reached  for  a  given  substance  [2-4].  In  subsequent  investigations,  probe  methods 
were  used  [5]  to  determine  T;.  The  results  obtained  by  the  probe  method  confirm  that 
explosion  reactions  take  place  when  the  temperature  T;  is  reached  [5-7].  However, 
probe  methods  have  certain  drawbacks.  They  cannot  be  used  in  studying  solids,  in 
analyzing  the  kinetics  of  thermolysis  near  T/,  and  in  exothermic  processes. 

Using  the  contact  and  other  methods,  we  have  identified  the  following  two  types  of 
fast  thermolysis: 

•  processes  due  to  the  weakening  of  intermolecular  forces  and  the  “cage”  effect  (in 
the  case  of  linear  and  cross-linked  polymers); 

•  processes  characterized  by  homogeneous  nucleation  [8]. 
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Table  1:  Limiting  temperatures  for  some  compounds. 


No. 

Sample 

T,/°C 

B/(kJ/mole) 

No. 

Sample 

T/°C 

1 

Trotyl 

335 

7 

Polystyrene 

530 

2 

Octogen 

350 

8 

Glycerine 

460 

3 

Ammonium  nitrate 

340 

9 

Polyethylene  glycol, 

4 

Ammonium  dichromate 

295 

250 

mol.  mass  2500 

465 

5 

NaNs 

550 

320 

10 

Oil  (Oilfield 

6 

TATB 

460 

no 

“Alaninskoye” 

500 

Both  processes  may  involve  changes  in  the  chemical  reaction  mechanism.  They 
proceed  within  a  narrow  temperature  range  near  Tj.  As  pointed  out  in  [4,  5],  an  analysis 
of  the  equation  of  state  shows  that  T/  <  T,p.  Herein  lies  a  certain  similarity  between 
the  discovered  effect  and  the  prespinodal  explosive  boiling  of  superheated  metastable 
liquids.  However,  the  main  distinctive  characteristic  of  explosive  thermolysis  is  the 
change  in  the  chemical  composition  of  the  superheated  substance. 

In  this  communication,  we  present  the  results  obtained  in  measurements  of  the 
limiting  temperatures,  T/,  and  activation  energies  of  thermolysis  for  a  number  of  highly 
energetic  substances.  The  results  are  summarized  in  Table  1  (left  column).  In  the 
same  table  the  temperatures  T;  for  some  non-explosive  substances  in  which  thermal 
decomposition  occurs  with  heat  absorption  (right  column)  are  given. 

The  limiting  temperature  of  polystyrene  corresponds  to  the  value  T;  that  has  been 
calculated  by  the  equation  of  state  for  linear  polymers  [2,  4].  Temperatures  T/  of  the 
samples  No.  4,  8,  and  9  agree,  witliin  several  degrees,  with  the  data  obtained  by  other 
investigators  [6,  7,  9].  The  problems  of  accuracy  of  the  contact  method  have  been 
addressed  in  [2,  4]. 

The  discovery  of  the  previously  unknown  explosive  prespinodal  effect  has  brought 
to  the  forefront  a  more  thorough  examination  of  physical  and  mathematical  models  of 
combustion.  In  particular,  it  is  necessary  to  set  a  limit  to  the  temperature  range  where 
the  Arrhenius  law  is  valid  for  a  given  material,  i.e. 

k  =  zexp  .  if  T  <  Tf, 

k  =  ko,  fco  =  10'“  V  10*^  if  T  =  T,, 

These  two  expressions  can  be  unified  by  a  single  Arrhenius  equation  with  variable 
activation  energy:  E  =  E{T),  e.g.,  E  =  Eo{l  -  TjTiy^.  Here  Eo  is  the  value  of  E  at 
T  <  T;,  parameter  n  =  0.01. 

The  same  correction  must  be  made  in  the  heat  release  function  W  in  the  equations 
of  heat  and  mass  transfer: 
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At  T  =  Ti,  we  have  W  —  Qz,  where  Q  is  the  thermal  effect.  The  temperature  T/ 
determines  the  extreme  value  of  the  adiabatic  induction  period  tad  of  slow  thermolysis 
of  certain  materials: 


dT 


Cp  RTf 
Qz  E 


exp 


Above  Ti,  the  sample  completely  turns  into  gaseous  products.  The  limiting  temperature 
Ti  is  a  fundamental  property  of  explosive  materials.  Unlike  the  ignition  temperature, 
the  concept  of  the  limiting  temperature  T/  is  of  simple  physical  nature,  based  on  fun¬ 
damental  thermodynamic  laws  [1,  5).  Some  applications  of  the  discovered  effect  have 
been  discussed  in  [2]. 


References 

[1]  Muenster  A.  Chemische  Thermodynamik,  Berlin,  Akademie-Verlag,  1969. 

[2]  Shlensky  0.  F.,  Shashkov  A.  G.,  Aksenov  L.  N.  Thermal  Decomposition  of  Mate¬ 
rials.  Amsterdam,  Elsevier,  1991. 

[3]  Shlensky  0.  F.,  Yundev  D.  N.  Teplohzika  Vysokikh  Temperatur,  1993,  31,  4, 
685-686  (in  Russian). 

[4]  Shlensky  0.  F.,  Matyukhin  A.  A.,  Vainshtein  E.  F.  J.  Therm.  Anal.,  31,  1986, 
107. 

[5]  Pavlov  P.  A.  Boiling  Dynamics  of  Superheated  Liquids,  Ural  Div.  Acad.  Naak 
SSSR,  1988  (in  Russian). 

[6]  Skripov  P.  V.,  Begishev  V.  P.  Vysokomol.  Soedineniya,  1992,  A34,  1,  140-145  (in 
Russian). 

[7]  Skripov  P.  V.,  Ryutin  S.  B.,  Begishev  V.  P.  Inzhenerno-Fisicheskii  Zhurnal,  1992, 
62,  2,  276-282  (in  Russian). 

[8]  Shlensky  0.  F.,  Zyrichev  N.  A.  Kchimiya  Vysokikh  Energii,  1994,  18,  3,  (1994), 
1-7  (in  Russian). 

[9]  Enikolopyan  N.  S.,  Aleksandrov  A.  J.,  Gasparyan  E.  E.  Dokl.  Akad.  Nauk  SSSR, 
1991,  319,  1384-13S9  (in  Russian). 

[lOj  Shlensky  0.  F.,  Murashov  G.  G.  ibid,  1983,  269,  6,  1406-1409  (in  Russian). 


468 


ZEL’DOVICH  MEMORIAL,  12-17  September  1994 


THE  RADIATIVE  HEAT  TRANSFER  IN  THE  22-HOLE  YONTAN 

BRIQUETTES  BOILER 

Eung  K.  Shon 

CombusUon  Engineering  Research  Lab.,  Korea  Institute  of  Energy  Research,  P.O.Box  5, 

Tsedoh  Science  Town,  Taejon 


Introduction 

The  most  important  use  of  Korea  Anthracite  Coal  is  to  make  22-hole  briquettes 
(Yontan)  for  panel  heating  of  Korean  type  (Ondol).  Since  the  mid-70s,  this  panel 
heating  system  has  been  investigated  by  many  institutes  and  schools  not  for  the  design 
of  Yontan  boiler  but  only  in  the  cou'se  of  development  of  hot  water  pipe  systems  and 
the  relevant  materials.  The  technical  and  engineering  aspects  of  boiler  design  and 
combustion  mechanism  have  not  been  studied,  which  has  resulted  in  the  shortage  of 
data  for  standard  boilers  and  makes  boiler  design  at  the  maker’s  convenience  very 
difficult. 

An  empirical  and  theoretical  approach  to  a  better  design  of  boilers  requires  fun¬ 
damental  knowledge  of  heat  transfer  and  interaction  affects  of  several  variables  in  the 
Yontan  boiler.  These  variables  are  the  distance  between  the  combustion  tube  and  the 
water  chamber,  the  length  of  the  water  chamber  and  the  materials  of  the  combustion 
tube  and  the  reflector. 

Two  approaches  were  proposed  to  develop  a  better  design  of  the  Yontan  boiler. 
The  first  one  was  aimed  at  developing  a  standard  model  and  calculating  the  heat 
distribution,  and  the  second  one  was  an  experiment  that  should  be  carried  out  by 
varying  the  parameters  to  study  the  effect  of  each  parameter.  Finally,  we  examined 
the  differences  between  the  theoretical  and  experimental  results  and  obtained  the  data 
required  for  the  development  of  a  better  design  of  the  Yontan  boiler. 

Theoretical  and  Experimental  Approach 

For  the  theoretical  analysis,  the  most  popular  type  of  Yontan  boiler  in  this  country 
which  consisted  of  two  Yontan  briquettes  stacked  in  a  cylindrical  combustion  tube  was 
chosen  as  a  model.  As  shown  in  Fig.  1,  the  lower  part  of  the  combustion  tube  was 
left  out  of  consideration.  Inasmuch  as  combustion  is  taking  place  in  the  upper  part 
of  the  combustion  tube,  it  is  assumed  that  the  temperature  of  the  lower  part  of  the 
combustion  tube  is  negligible,  and  so  is  the  effect  of  the  radiation  heat  transfer  between 
the  water  chamber  and  the  combustion  tube.  The  combustion  tube  was  divided  into 
five  parts,  1-5,  corresponding  to  the  radiating  areas  on  the  exterior  surface  of  the  com¬ 
bustion  tube  tested. 
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comltiistioit  fiibe  abbreviated 


Figure  1;  Sketch  of  the  standard  model  for  Yontan  boiler. 
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Figure  2:  Section  diagram  of  test 
boiler. 


Figure  3:  T/C  arrangement  on  the  in¬ 
terior  and  exterior  surfaces  of  combus¬ 
tion  tube. 
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.Tdble4:-Expermient4‘Itesults(. 


'•<1;-  ■  >  *  '.  (  'I'  '’[i' 


'  1--  -S’-  .dfem-"  - '  ' 

■Combustion' 

'Tube%petl 

.'  -CombustiPh  ^ 
‘Tube' Type,  ir 

CombustiPh 
Tube  Type  III 

Wt.  of  Briquette^ 

■'  "'3i295g"'  ' 

.  ‘  T.m  g 

Wt.  of  igniter 

199” 

196” 

Ceirbon  burn-put 

9.99  g 

1.186  g 

l-251g 

■  Bufiiiiig  tiriie'^  ■  >  f  .' • 

'  '  ^8h  : 

'  "  '8  h  ‘ 

■;  ,8'h  ' 

OuidPoftemp.  ' 

2i3'’C 

23  oc'  - 

23.9  °C 

■  Eixhaiist'gas'temp. 

■  ^a-s  ^c  ' 

.49,5  '’G 

,  48.2  ‘’C 

’  Excess' 'hir  ratio 

3:88  ‘ 

4'.4 

4.32 

Air  flow 

'1.540 'ifeole  ‘ 

2.652,ginble 

2.143  gmoie 

'Tenip  at' extinction'  ' 

60(i“C! 

eso^c 

640  “C 

Return ‘water  temp  (supply) 

'35.1  “C  ‘ 

35.5  °C  , 

34.6  °C 

Water  outlet  temp 

47.1  ‘’C 

49.1  •’C 

49.8  ‘’C 

Water  flow 

66.5  kg/h 

66.8  icg/h 

67.1  kg/h 

Boiler  surface  temp. 

1 

72.4  ‘’C 

76.3  ‘’C 

81.1 ‘’C 

2 

59.2  ‘’C 

59.9  ‘’C 

60.8  ‘’G 

3 

33.3  ‘’C 

33.6  ‘’C 

32.3  ‘’C 

Thermal  conductivity  (kcal/mh 

— 

0.398 

0.370 

“C) 

Temp.  Diff.  between  Interior 

_ 

109  “C 

194 ‘’C 

and  Exterior  surfaces  of  tube 

Heat  release  (kcal/8  hr) 

9.072 

10.362 

10.969 

Heat  of  hot  water  (kcal/8  hrs) 

6.386 

7.238 

8.185 

Heat  transfer  to  tube  surface 

— 

2.325 

3.364 

(kcal/8  hrs) 

Heat  of  exhaust  gas  (kcal/8  hrs) 

2.958 

4.435 

3.364 

Heat  of  briquettes  preheating 

208 

301 

260 

Heat,  of  tube  heating 

206 

304 

In  this  study,  however,  the  combustion  tests  was  performed  in  the  standard  boiler 
equipped  with  three  different  tubes.  The  test  boiler  and  combustion  tubes  are  shown 
in  Figs.  2  and  3,  respectively.  The  test  procedures  were  based  on  the  ‘Experimental 
Method  of  the  Performance  of  Yontan  Boiler’  and  ‘Korean  Standard  of  Yontan  Bri¬ 
quettes  and  Char  Coal’. 

Results  and  Discussion 

In  Table  1,  the  experimental  conditions  are  specified  and  the  test  results  are  shown. 
The  heat  conductivities  of  combustion  tube  II  and  III  have  been  measured  by  transient 
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heat  flow  method  with;Model^Cf.60ihighTtemperatur'esthermal  conductivity  tester. 

The  relationship  between  the  heat  recovery  in  the  3  different  combustion  tubes  and 
the  effects,ipf.;yv:ater  (^Sffiend^gthptheiieffe^^  reflector  material: and  the  effect  of 
dist^ce.',betwe!eh  the  combustion  ttubetandjithe  iyater  chamber  were  investigated.  M 
ad(Utionj.the>radiative  heajbjflux  in  th^j.Ygntan  bdiler  was  ahalyzedv 

Sumiiiary  .  :  ‘ '  *■ 

The’  fractions  of  the  heat  transfer  to  the  water  chamber  were  about  70%,  of  the 
radiation  heat  flux  and>less  jthan  30%  of  the  convection  heat  flux.  For.  the  radiation 
heat  tramsferred  to  the  \Yater. chamber,. about  ;42-44%  comes  from  the  top  surface  .of  . the 
combustion,  tube  and  22-hole  briquettej,, 27-35%  and  25-30%  come  from  the  reflector 
and  the  exterjor  surface  of  thq  combustion-tube,  respectively. 

There"  vfas  no  effect,  pf  yariation  of  the  water  chamber  length  and  the  distance 
between.the  combustion  tube  and  the  water  chaihber  on  .the  radi.ative  heat  transfer. 

A  stainless  steel  reflectpr  .instaUed  under  the  cap  of  the  combustion  tube  improved 
the  radiative. heat  transfer  to  the  water  chamber  oy  about  6%  as  compared  to  the  SB 
4i  reflector. 


MACROSCOPIC  MECHANISM  OF  INTERFACE  STRUCTURING 

UPON  SOLIDIFICATION 

A.  G.  Varlamov 

Institute  for  Structural  Macrokinetics,  Chernogolovka,  Russia 

Heterogeneous  solidification  is,  generally,  a  very  complicated  physical  and  chemi¬ 
cal  process.  The  approaches  used  to  describe  it  may  be  tentatively  divided  into  two 
groups:  thermal- diffusional  and  geometrical-statistical  [1-2].  The  frmdamental  problem 
of  geometrical-statistical  approaches  is  the  description  of  mother-medium  space  occu¬ 
pation  by  the  condensed  phase  taking  into  consideration  the  properties  of  the  space 
and  phase  interface  (2]  In  this  report,  condensed  phase  structure  formation  in  the 
heterpgeneous  solidification  viar  the  layer-by-layer  and  normal  growth  mechanisms  is 
reviewed. within  the  framework  of  gaometripal-statistical  approach. 


1  The  Layer-by-Layer  Growth  Mechanism 

PolycrystaUine  layer  formation  is  modeled  as  follows.  The  substrate,  forming  an 
infinite  plane,  is  in  equilibrium  with  the  mother  medium  susceptible  to  heterogeneous 
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Figure  1:  Structure  formation  in  the  heterogeneous  solidification  via  the  layer-by-layer 
growth  mechanism. 


solidification  via  the  layer- by-layef  growth  mechanism.  At  the  initial  moment,  freely  - 

oriented  crystalline  nuclei  exist  on  the  substrate.  Their  growth  occurs  via  parallel 
motion  of  facets  (following  the  Stenon  law)  at  a  certain  rate.  The  growth  of  crystals 
loads  to  their  collisions. ,  The  fragments  of  crystd.  surfaces  isolated  from  the  mother 
mcjilHro  do  not  grow.  After  ^  the  crystals  have  collided  yrith  each  other,  a  coritinuous 
polycrystjdline  layer  is  formed.  The;  growth  of  the  layer  thickness  leads  to  a  decrease 
in  the  number  of  crystallites  due  to  “geometrical  selection”  [4]. 

Figure  1  shows  the  numerical  results.  The  growth  of  the  crystals  leads  to  their 
collisions,  isolation  of  part  ofthe  crystal  surfaces  'from  the  mother  mediurii,  and  growth 
arrest  for  sorhe  of  the' crystals.  Other  crystals  exist  on  the  phase  interface  at  any  layer 
thickness;  These  were  termed  “growth  leaders”.  At  late  stages  of  the  process,  the 
phase  interface  is  formed' by  the  “leaiders”  only.  The  “geometrical  selection  principle” 
introduced  by  G.  G.  Leihlein  [3]  is ‘refined  using  the  concept  of  the  “growth  leader”. 

The  new  formulation  is  as  follows.  In  the  process  of  polycrystalline  layer  formation, 
the  crystals  (“growth  leaders”)  for  which  the  projection  of  facets  or  top  moving  rate 
vector  on  the  mbstrate  plate  normal  is  the  largest  (4|,  remain, on  the.  phase  interface. 

The,  individud  stages  of  the  pplycrystaUine  layer  formation  process  have  been  singled 
out.  They  are: 

(1)  free  crystal  growth  (before  collision); 

(2)  collision  between  the  crystals;:  , 

(3) , overgrowth  stage; 

(4)  stationary  stage.  I 
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The  VMiation  of -the  nximber  of  crystals  on  the  ph^e  interface,  as  a  function  of  the 
layer  thickness,  was  studied.  It  should  be  noted,  that  theVroughness  of  solidification 
front  increases  with  tKe;.  crystalline  layer  tluachess  and  reaches  its  maximum  at  the 
stationary-stage.  ThelCTi|eria  for  pore  foliation  in  the  process  of  polycrystalhne  layer 
formation  were  propoSe’div  The  estimatesJofr|he  average^size  were  made  for  different 
forms  and  relative  orientations  of  the5nu€l#i[4].  .. 


pthe  mother  medium  (liquid, 
vapor)  is  the  conceptuofrlfrelno^Uyine^^sm^^^  The  idea  of  the 

macroscopic  descriptionVunde^lyinjgjtheXcbncept'ifr^^  surface  point  moves  at  a 

certain  rate  in  the  directi,on‘ofrtne5mbthet\^^  surface  normal  [5].  Let 

■F(®o>  yO)  ^o)  =  0  be  tfre* equation' of  substrate  surfrce;  Solidification  front  propagation 
is  governed  by  the  following  equations: 


(®  -  ®o)^  +  (y  -  yo)^  +  (^  -  2o)^  = 


•  t 

jVn{T,  C,...)dt 


(1) 


g-gp  ^  y  -yo  _  g  -  gp  ,2V 

p/  pt.  pi 

*0  '  yo  *0 

whefe  y„(jr,  C, . . .)  is  the  normal  velocity  of  front  propagation,  and  /q  V’n(J’)  <^.  •  •  •)  dt 
is  the  distance  covered  by  the  front  during  the  time  f.  The  process  of  phase  interface 
structure  formation  for  the'mdst  general  case  of  the  substrate  surface  has  an  irregular 
form  at  Vn  —  const.  Two  stages  of  the  process  can  be  identified: 

1.  The  irregular  stage.  The  number, of  convex  portions  of  the  phase  interface 
decrease**  ■  r.c)  their  dimensions  increase  with  increasing  layer  thickness.  The 
decrease  in  tne  nuniber  is  due  to  the  “geometrical  selection"  [5],  Solidification 
frpnts  of  heterogeneities  of  higher  ^plitude  occupy  larger  portions  pf  the  free 
.  space  ^d  hinder  the  propagation  of  low-sunplitude  heterogeneities.  Finally,  the 
heterogeneities  connected  with  the  highest  amplitude  substrata  heterogeneities 
remain  on  the  interface.  They  were  named,  “growth  leaders". 


2.  The  regular  stage.  The  phase  interface  consists  of  “growth  leaders”  only.  The 
number  of  the  convex  portions  of  the  interface  does  not  change.  Their  curvature 
radius  increases  with  increasing  coating  thickness,  which  leads  to  surface  smooth¬ 
ing.  At  a  certeun  layer  thickness,  cusps  (projections  of  front  intersection  lines  on 
to  the  plate)  appear,  dividing  the  phase  interface  into  separate  elemental  sphero- 
lites.  The  analytical  expressions  relating  specific  surface  and  macroroughness  to 
the  thickness  and  substrate  characteristics  have  been  obtained  [5j.  It  should  be 
noted  that  the  solidification  front  roughness  decreases  with  increasing  crystalline 
layer  thickness  and  asymptotically  tends  to  a  smooth  surface  [5]. 
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SESSION  8.  Intensive  Shock  Waves  and  Extreme  States 

of  the  Matter 

DESENSITIZATION  OF  RDX  CHARGES  AFTER  PRESHOCKING 
RY  A  COMPRESSION  WAVE  IN  A  SiC-CERAMIC  ROD 

I.  A.  Balagansky",  E.  F.  Gryaznpv^ 

'Novosibirsk  State  Technical  University,  K.  Marx  ave.,  20,  Novosibirsk,  630092  Russia 
^Bauman  Moscow  State  Technical  University,  2-p.d  Bauman  str.,  5,  Moscow,  107005  Russia 

The  phenomenon  of  desensitization  of  multiply  shocked  explosives  is  well  known  [1]. 
R.  N.  Mulford  et  al  [2]  have  described  the  experiments  with  double-shocking  initiation 
of  detonation  in  PBX-9404,  PBX-9502  and  PBX-9501  by  a  composite  projectile  con¬ 
sisting  of  a  soft  thin  layer  on  the  front  surface  of  a  high-impedance  backing  material. 
The  soft  layer  is  PMMA  and  the  high-impedance  material  is  multicrystalline  pressed 
alumina.  After  double-shocking  loading  of  PBX-9502  in  experiments  where  the  precur¬ 
sor  shock  was  1.7  GPa  and  the  second  shock  was  7.95  GPa,  this  explosive  was  an  inert 
material.  For  PBX-9404  in  the  experiments  where  the  precursor  shock  was  2.3  GPa 
and  the  second  shock  5.6  GPa,  a  detonation  wave  was  observed.  But  desensitization 
is  clearly  evident,  with  the  run  to  detonation  showing  an  increase  of  270%  over  chat 
expected  from  the  Pop  plot,  when  both  the  precursor  and  the  second  shock  are  consid¬ 
ered.  R.  E.  Setchell  [3]  used  VISAR  diagnostics  to  monitor  the  behavior  of  materials 
subjected  to  preshocking  by  ramp  waves  which  subsequently  develop  into  shocks.  The 
ramp  waves  appear  to  gradually  compress  granular  materials  without  provoking  reac¬ 
tion  at  a  pressure  of  5.1  GPa.  Even  after  th«  shock  formation,  a  considerable  delay  in 
the  transition  to  detonation  was  observed,  as  compared  to  initiation  by  a  single  shock. 
The  authors  of  [2]  examined  the  nature  of  desensitization  as  regards  pore  collapse, 
temperature  changes,  and  changes  due  to  chemical  reaction  behind  the  first  wave. 

One  possible  means  to  produce  ramp  wave.s  is  to  use  high  modular  ceramics  having 
sufficient  values  of  sound  velocity  {C,)  and  Hugoniot  elastic  limit  (HEL).  In  particular, 
for  SiC-ceramics,  Cj  =  11.2  km/'s  and  HEL  =  8  GPa.  Some  interesting  features  of 
propagation  of  shock  waves  in  elastic  bodies  of  finite  size,  due  to  the  inertia  of  cross 
section,  are  described  in  the  monograph  [4].  For  example,  if  the  boundary  condition 
at  the  end  of  a  semi-infinite  elastic  rod  is  given  by  a  step  function,  then  this  step  is 
smoothed  due  to  propagation  along  the  rod.  The  thickness  of  the  smoothed  front,  d, 
approximately  equals  d  =  Here  r  is  the  radius  of  the  rod,  x  is  the  run  of  the 

front..  The  profile  of  the  smoothed  front  is  shown  in  Fig.  1  versus  the  nondimensional 
coordinate 

In  connection  with  the  data  presented,  we  conducted  a  series  of  experiments  de¬ 
signed  to  study  the  initiation  capability  of  compression  waves  in  rods  made  of  self- 
sustained  silicon  carbide.  We  used  the  rods  of  square  cross  section  custom-made  at 
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Figure  1;  Profile  of  smoothed  front:  1  —  step  function;  2  —  smoothed  front. 


Figure  2:  Schematic  oi  experimental  assembly:  1  —  detonator;  2  —  active  harge 
(stabilized  RDX  of  density  1.64  g/cm®);  3  —  aluminum  shell;  4  —  inert  matter;  J  — 
ceramic  rod;  6  —  passive  charge  (stabilized  RDX  of  density  1.64  g/cm®);  7  —  PMMA. 


ZEL’DOVIGH  MEMORIAL,  J2-J,7  September  1994 


Table  1:  The  results  of  experiments  with  ceramic  rods. 


No. 

Inert  matter 

Length  of  rod  /,  nun 

Detonation 

1 

Epoxy  resine 

80 

No 

2 

Air 

40 

No 

3 

Air 

20 

No 

4 

Air 

10 

No 

Kiev  Institute  for  Problems  of  Materials  for  our  experiments.  The  butt  ends  of  the 
rods  were  polished.  Active  and  passive  high  explosive  charges  were  prepared  by  mould¬ 
ing  stabilized  RDXX.  The  experimental  assembly  is  shown  in  Fig.  2.  The  main  results  of 
experiments  are  given  in  Table  1  for  ceramic  rods  of  different  length.  A  rotating-mirror 
camera  was  used  to  record  detonation  in  the  passive  charge. 

The  distance  between  the  active  and  passive  charges  for  reliable  propagation  of 
detonation  in  air  is  approximately  75  mm  for  stabilized  RDX  of  density  1.60  g/cm®  [5]. 
Similar  distances  for  water,  steel,  and  aluminium  are  within  15-20  mm. 

Thus,  we  have  observed  the  low  capability  of  an  advanced  compression  wave  in  the 
ceramic  rod  of  initiation  of  detonation  in  passive  charges  of  stabilized  RDX.  In  addition, 
we  observed  the  desensitization  of  RDX  charges  after  preshocking  by  a  compression 
wave  in  the  rod  of  SiC-ceramic  due  to  the  absence  of  detonation  after  the  second 
shocking  by  a  shock  wave  in  eiir  at  the  dist^ce  of  10  mm  between  the  active  and 
passive  charges. 
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FAST  SHOGK  TUBE  WITH  EXPLOSIVE  (FSTE) 

A.  Yu.  Dolgoborodov 

Semenov  Institute  of  Chemical  Physics,  Kosygin  Si.  4,  Moscow,  117977  Russia 


Attempts  to  accelerate  plates  to  higher  velocities  continue  to  hold  interest  of  those 
doing  equation-of-state  research.  Extensive  data  have  been  obtained  for  common  metals 
over  the  last  thirty  yews,  most  of  which  are  limited  to  pressures  4  Mbar  or  lower.  Data 
for  conditions  above  this  pressure  come  slowly  and  are  much  less  abundant  than  the 
lower  pressure  data.  Recently,  efforts  have  been  directed  at  developing  a  relatively 
small  explosive  system  capable  of  driving  metal  impactor  disks  to  velocities  of  9  km/s. 

Fast  Shock  Tube  (FST)  was  proposed  in  Los  Alamos  National  Laboratory  [1-3]. 
FST  is  a  new  type  of  cylindrical  convergent  high  explosive  device  which  creates  well 
behaved  gases  with  energy  levels  far  above  those  attainable  with  conventional  high 
explosives.  In  its  simplest  form,  the  FST  consists  of  a  hollow  cylinder  of  high  explosive 
(HE)  surrounding  an  inner  cylinder  of  a  propellant  material  such  as  polystyrene  foam. 

A  plane-wave  explosive  lens  detonates  the  HE  cylinder.  As  the  detonation  prop¬ 
agates  along  the  HE,  a  Mach  disk  is  formed  in  the  foam.  The  velocity  of  this  shock 
equals  or  exceeds  the  HE  detonation  velocity.  The  gas  expanding  from  this  highly 
shocked  foam  accelerates  the  plate  on  the  face  of  this  system. 

We  proposed  to  investigate  a  new  FST,  which  we  call  Fast  Shock  Tube  with  Ex¬ 
plosive  (FSTE).  Instead  of  the  foam  core,  we  proposed  to  use  a  low-density  explosive 
(LDE)  with  the  highest  content  of  light  components  (such  as  hydrogen  and  water)  in 
detonation  products.  We  also  proposed  to  use  a  high-density  explosive  (HDE)  in  the 
first  part  of  the  core  to  prevent  backward  slipping  of  a  part  of  the  products  and  to 
increase  compression  of  LDE. 

The  proposed  FSTE  configuration  is  shown  in  Fig.  1.  m  our  works  [4,  5],  we 
investigated  formation  of  Mach  disks  in  nitromethane  and  its  mixtures  in  HE  cylinders 
md  foimd  that  the  best  conditions  for  formation  of  Mach  disk  were  obtained  if  the 
ratio  of  the  normal  detonation  velocities  was  about  0.8  (  1  —  core,  2  —  HE  cylinder). 
This  condition  determines  the  choice  of  HE  and  HDE. 

The  experiments  were  ceirried  out  with  HMX/TNT  (64/36)  at  density  1.74  g/cm® 
as  the  HE,  HMX/trmgsten  (50/50,  3.2  g/cm®)  as  the  HDE,  and  nitromethane  as  the 
LDE.  An  SPR-1  streak  camera  was  used  for  visualization.  A  duralumin  flyer  plate  was 
accelerated  to  8  km/s,  and  a  steel  plate  was  accelerated  to  7  km/s. 

The  FSTE  can  be  used  to  investigate  the  behavior  of  matter  imdsr  high  dynamic 
pressures  and  the  mechanism  of  hypervelocity  penetration,  as  well  as  for  tests  of  ma¬ 
terials  used  for  protecting  against  hypervelocity  elements. 
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Figure  1:  Fast  shock  tube  with  explosives  (HE  —  high  explosive,  HDE  —  high  density 
explosive,  LDE  —  low  density  explosive). 
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SIMULATION  OF  COMBUSTION  INITIATION  IN  A  SHS 
SYSTEM  UNDER  HIGH  VELOCITY  IMPACT 

V.  A.  Gorel’skii,  S.  A.  Zelepugin 

Tomsk  Branch  of  the  Institute  of  Structural  Macrokinetics,  Russian  Academy  of  Sciences,  8 
Lenin  Square,  GSP-18,  Tomsk,  634050  Russia 

Shock-wave  treatment  of  SHS  systems  is  very  promising  for  producing  modified 
materials.  Of  special  interest  are  chemical  reactions  (synthesis)  combined  with  shock- 
wave  treatment.  Their  products  may  have  improved  properties  due  to  the  effect  of  high 
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pressure  [1,  2].  The  nature  and  characteristics  of  this  process  are  of  interest  from  both 
applied  and  fuiidamental  points  of  view.  The  objective  of  this  work  is  to  develop  a 
mathematical  model  for  compaction  processes  anddnitiation  of  exothermic  combustion 
reactions  in  the  stoichibmetric'Ti-C  powder  system.  Based  on  fundamental  conserva¬ 
tion  laws,  the  mathematical  models  allow  us  to  analyze  combustion  wave  propagation 
and  to  predict  the  behavior  of  an  SHS  system  under  given  conditions. 

A  model  of  porous  medium  was  used  in  calculations;  it  is  characterized  with  the 
possibility  of  voids  formation  and  growth.  The  solid  part  Wc  of  the  medium  charac¬ 
terized  by  density  p<.,  and  voids,  occupying  the  volume  W,,  in  which  the  density  is 
assumed  to  be  zero,  constitute  the  total  medium  volmne  W .  The  mean  density  of 
porous  medium  is  related  to  the  input  parameters  by  p  =  pcWdW.  The  porosity  of 
medium  is  characterized  by  the  specific  volume  of  voids  Vf  —  W./(Wp).  The  growth 
rate  of  specific  volunre  of  voids  was  determined  to  be  as  follows  [3] 


Vt  =  -sign(Pe)A:4 


Vi  • 
+  k'r. 


{V2  +  Vt), 


(1) 


where  is  the  pressure  in  the  solid  component,  K^,  Pjt,  Vj,  and  Vi  are  constants.  The 
set  of  governing  equations  is 


P-  -P  (v.z  +  Ur  +  , 


(2) 


•  r  I  ~  ^^9  r> 

pu  =  Srr,T  +  Srz.z  + - P.r, 

r 

pV  =  Srz.r  +  -  P,z, 


pE  =  P-  +  SzzV,z  +  SrrU,T  +  S$g-  -f  Stz{u,z  +  V,r)  +  PQ t 
p  r 


dr] 

It 


0, 


T  <  Tm  or  7]  =  I, 


df] 

dt 


=  Ko,  {T  >  Tjn  and  <  1)  or  (P  >  P,  and  rj  <  1), 


(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


where  p  is  the  density,  u  and  v  are  the  components  of  the  particle  velocity,  r  and  z 
are  the  coordinates,  t  is  time,  P  is  the  pressure,  E  is  the  specific  internal  energy,  Q  is 
the  rate  of  heat  release  from  chemical  reactions,  and  AH  is  the  specific  heat  release  of 
Ti-C  formation,  rj  is  the  reacted  fraction,  Ko  is  the  rate  constant  having  the  dimension 
of  time~P  For  the  subsequent  calculations,  the  averaged  properties  were  defined  as 


1  =  ^ 


E  =  Y, 
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where .TOt  is,  the  mass, fraction  of  the  irth  material.  The  equation  of  state  was  modified 
to  include  the  evolution  of  the  internal  state  veiriables,  governed  by  a  phenomenologiceil 
kinetic  equation  for  chemical  reactions  in  inorganic  powder  mixtures.  The  heat  release 
was  included, into  the;  energy  conservation  equation,  and  contributed  to  pressure  ries 
through  the  equation  of  state.  We  assumed  that  the  average  pressure  in  the  solid 
mixture  could  be  computed  froni  the  specific  voluine  of  the  solid  and  the  internal 
energy  using. the  Mie-Gnmeisen  equation 


Poa 


2  1 


Pc  =  pofflV  +  Po<^^  1  -  I  +  2(6  -  1)  I 


)(t-l)  +  3(6-l) 


P  +  'fpE, 


(9) 


where  p.  =  [Vo/{V  -  Vr)j  -  1,  V/'^  =  ^  were  specified  by  the 

shock  velocity  -  particle  velocity  relationship,  u,  =  a  +  bup  [4],  as  function  of  the 
reacted  fraction  in  the  mixture.  The  average  pressure  in  a  cross  section  of  the  porous 
mixture  can  now  be  related  to  the  pressure  in  the  solid  components  by  the  relationship 
P  =  PcPIPci  where  P  is  the  average  pressure  ir  the  section  and  p  is  the  average  density 
of  the  porous  mixture. 

The  behavior  of  the  Ti-C  system  under  impact  loading  was  studied.  A  steel  capsule 
with  the  Ti-C  stoichiometric  powder  mixture  impacted  steel  plate.  The  steel  capsule 
has  the  outer  diameter  12.5  mm  and  length  50  mm.  The  stoichiometric  mixture  was 
formed  into  a  cylinder  5  mm  in  diameter  and  40  mm  long.  The  cylinder  was  inserted 
into  the  capsule.  Fast  reaction  stated  if  the  mixture  temperature  attained  1944  K 
or  the  pressure  exceeded  7  GPa  (5).  Under  favourable  conditions,  the  maximum  rate 
of  heat  release  from  chemical  reactions  was  equal  to  313  GJ-kg“^s“^  up  to  complete 
conversion  of  the  reactants.  Figure  1  presents  the  configurations  of  the  projectile  and 
the  target  plate  during  interaction.  As  illustrated  by  Fig.  1,  the  deformation  of  the  plate 
is  comparable  with  that  of  the  projectile  for  impact  velocity  1500  m/s.  The  projectile 
penetrates  the  target  by  compressive  yielding  the  material  in  its  path.  The  effects  of 
chemical  reaction  on  the  pressure  and  temperature  histories  are  shown  in  Figs.  2  and 
3.  As  illustrated  by  Fig.  2,  the  heat  released  is  not  large  enough  to  cause  observable 
changes  in  the  pressme  ciuve.  The  temperature  of  the  mixture  is  observed  to  rise 
slowly  after  the  initial  jump  resulting  from  the  shock  heating.  The  temperature  rise 
is  much  greater  when  the  reaction  ne.ar  the  impact  interface  is  observed.  Calculated 
temperature  was  limited  by  4140  K  at  maximum. 

The  curves  also  reflect  the  fact  that,  for  the  rate  of  heat  release  of  313  GJ-kg"^s“^, 
the  process  can  be  divided  on  several  stages.  At  the  first  stages,  the  reaction  proceeds 
because  the  mixture  pressure  exceeds  7  GPa  (see  Fig.  2).  Afterwards,  the  reaction  is 
resumed  because  the  mixture  temperature  reached  1944  K. 
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Figure  1;  Penetration  of  a  steel  target  by  a  projectile  with  powder  reactants. 


Figure  2;  Calculated  pressure  histories  near  the  contact  surface  in  the  powder  mixture. 
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Figure  3:  Calculated  temperature  histories  near  the  contact  surface  in  the  target  and 
in  the  reactants. 
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THE  CAPTURE  OF  PRODUCTS  OF  A  GAS  REACTION  BY 

SHOCK  WAVE 

S.  V.  Kulikov 

Instiiuie  of  Chemical  Physics  in  Chernogolovka,  Chernogolovka,  Russia 

The  Monte  Carlo  method  was  used  to  compute  the  zone  of  translational  and  chemi¬ 
cal  nonequilibrium  in  a  planar  steady  shock  wave  at  the  Mach  number  of  5  for  a  mixture 
of  four  components  A,  B,  C,  and  D.  The  cases  were  considered  where  only  the  com¬ 
ponents  A  and  B  were  present  in  the  upstream  gas  mixture  at  the  ratio  of  molecular 
number  densities  equal  to  100.  With  the  rise  of  temperature  in  the  front,  the  reactions 
A  +  B  C  +  D  begin,  and  products  C  and  D  are  formed.  The  energy  threshold  of  the 
forward  and  backward  reactions  were  set  at  14^Ti  and  4kT\.  (Here  k  is  the  Boltzmann 
constant,  Ti  is  the  temperature  of  the  upstream  flow.) 

The  method  of  modeling  with  variable  weighting  factors  was  described  in  [1,  2]. 
The  collision  stage  was  simulated  using  the  ballot-box  scheme.  Molecules  of  all  sorts 
were  assumed  to  be  hard  spheres  of  equal  diameters  without  internal  structure.  It 
was  assumed  that  a  reaction  occurred  if  the  energy  of  the  relative  motion  of  colliding 
molecules  along  their  center  line  at  the  moment  of  impact  was  higher  than  or  equal  to 
the  reaction  threshold.  The  computations  were  performed  for  the  molecular  mass  ratios 
of  components  A,  B,  C,  and  D:  (1)  4:16:19:1;  (2)  10:10:19:1;  (3)  16:1:15:2.  In  these 
cases,  total  thermodynamic  equilibriiun  was  reached  behind  the  shock  wave  within  the 
simulation  region.  The  simulation  region  along  the  x  axis  was  divided  in  80  cells  of  the 
size  Aa:  =  0.3A.  (Here  A  is  the  meein  free  path  in  the  undisturbed  flow  ahead  of  the 
wave.)  The  average  number  of  the  test  particles  of  each  component  in  the  cell  ahead 
of  the  wave  was  20.  The  splitting  time  of  the  collision  and  displacement  stages  was 
At  =  0.0311A/u  where  u  is  the  most  probable  thermal  velocity  of  lightest  component 
particles  ahead  of  the  wave. 

The  results  of  calculations  for  the  case  (1)  are  shown  in  Fig.  1.  Here,  solid  curves 
1,  2,  3,  and  4  are  the  profiles  of  the  concentrations  (n)  of  components  A,  B,  C,  and 
D,  respectively.  (The  concentrations  of  components  A  and  B  were  normalized  with 
respect  to  their  concentrations  in  the  upstream  flow.  The  concentrations  of  reaction 
products  C  and  D  were  normalized  with  respect  to  their  equilibrium  concentrations 
in  the  downstream  flow.)  Dot-and-dash  lines  5  and  6  are  the  profiles  of  the  velocities 
V  of  components  A  and  B.  Broken  curves  7  and  8  are  the  profiles  of  the  velocities  of 
components  C  and  D,  respectively.  (All  velocities  were  normalized  with  respect  to  u. 
The  distance  x  along  the  stream  was  normalized  with  respect  to  A).  The  results  shown 
in  the  Fig.  1  are  in  many  ways  similar  to  those  obtained  for  the  cases  (2)  and  (3).  As 
one  moves  deeper  into  the  shock  wave,  the  concentration  of  the  main  component  A 
increases  due  to  the  compression  of  the  gas  mixture  in  the  wave  front.  The  influence 
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Figure  1:  Profiles  of  concentrations 
and  velocities  of  components  A,  5,  C, 
and  D  for  their  molecular  mass  ratio 
4:16:19:1. 


Figure  2:  Profiles  of  concentrations 
and  velocities  of  components  A,  B,  C, 
and  D  for  their  molecular  mass  ratio 
10:10:19:1. 


of  chemical  reaction  on  the  density  of  component  A  is  negligible.  Only  small  fraction 
on  this  component  was  consumed  in  the  chemical  reaction.  However  the  concentration 
of  the  low-concentration  additive  B,  was  affected  more  substantially.  It  first  increased 
due  to  compression  eind  then  decreased  due  to  the  fast  reaction. 

Figure  2  shows  the  results  for  case  (2).  The  notation  is  the  same  as  in  Fig.  1.  In 
this  case,  the  separation  of  components  A  and  B  did  not  occur,  but  the  results  were 
similar  to  those  in  Fig.  1,. 

In  all  cases,  the  velocity  of  the  newly  formed  component  D  differed  appreciably  from 
the  velocity  of  the  gas  as  a  whole.  As  one  moved  upstream,  this  difference  of  velocities 
increased  and  the  velocity  of  component  D  decreased  in  the  coordinate  system  attached 
to  the  wave  front.  At  the  boundary  of  disappearance  of  product  D,  the  velocity  of  this 
component  reached  the  same  value  as  the  velocity  of  the  wave.  Thus,  a  little  amount 
of  the  light  reaction  product  D  was  carried  by  the  front.  So,  the  concentration  behind 
the  shock,  where  product  D  had  the  same  velocity  as  that  of  shock  wave,  was  about 
0.0003-0.001%.  The  velocity  of  product  C  increased  in  all  cases  with  the  velocity  of 
the  mixture  flow. 

This  behavior  of  velocity  of  light  product  D  was  not  the  case  in  previous  simulations 
with  the  molecular  mass  ratios  of  components  A,  B,  C,  and  D  1:10:8:3  [1,  2].  The 
computed  effect  could  be  caused  by  the  collisions  of  the  light  reaction  product  with 
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the  heavier  component  dominating  in  the  flow  ahead  of  the  wave.  The  effect  can 
significantly  accelerate  a  complex  chemical  process  in  comparison  with  equilibrimn 
downstream  conditions.  For  example,  this  can  be  the  case  if  a  radical  created  in  a 
chain  reaction  is  placed  far  off  eihead  of  the  front  and  its  velocity  differs  significantly 
from  velocity  of  other  reactants  involved  in  the  branching  reaction  of  the  chain  process. 

The  predicted  effect  can  occur  for  example,  in  a  weakly  ionized  gas.  Similar  phe¬ 
nomenon  was  considered  in  [3],  where  the  electrical  conductivity  of  air  was  measured  in 
a  shock  wave.  In  this  case,  the  wave  was  formed  by  the  motion  of  a  copper  piston.  The 
authors  of  [3]  explained  the  results  obtained  by  assuming,  that  the  shock-wave  front 
captures  copper  ions  released  at  the  moment  of  wave  formation. 
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TWO-TEMPERATURE  CHEMICAL  KINETIC  MODELS  FOR 
STRONG  SHOCK  WAVES  IN  OPEN  AIR 

S.  A.  Losev,  V.  N.  Makarov,  M.  Yu.  Pogosbekian 

Moscow  State  University,  Moscow,  Russia 


The  problem  of  description  of  chemically  reacting  systems  in  the  absence  of  thermal 
equilibrium  between  the  vibrational  and  translational  degrees  of  freedom  of  the  reacting 
molecules  is  analyzed  with  the  view  of  the  mathematical  modeling  of  physicochemical 
processes  occurring  in  strong  shock  waves  in  open  air. 

At  high  temperatures,  when  characteristic  times  of  dissociation  and  vibrational 
relaxation  are  of  the  same  order,  the  dissociation  proceeds  while  vibrational  relaxation  is 
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not  complete;;so  that  the  ^vibrational  temperature  T,^  is  lower  than  the  gas  temperature 

,T-.. 

The, relaxation  time  r  for  O2  has  been  measured  up  to  T  =  10500  K,  and  for  N2 
up  to  15500  K  [1,  2],.  The.extrapolation  of  .this  data  to  higher  temperatures  was  made 
using  Sch^arts-Slawsky-Herzfeld  (SSH)  theory,  which  takes  into  account  nonadiabatic 
collisipns.  It  has  been  shown  that,  at  T  >.  25000  K  for  O2  and  at  T  >  40000  K  for 
N2,  the  vibrationad  relaxation  time  t  increases  and  the  “single-collision  limit’’  is  not 
attained.  < 

The  results  of  two-temperature  dissociation  rate  constant  measurements  for  O2  (up 
to  10500  K)  [1]  and  N2  (up  to  17000  K)  (2)  are  extrapolated  to  higher  temperatures  on 
the  basis  of  numerical  solution  of  the  collision  problem  for  diatomic  molecules  in  terms 
of  classical  mechanics  and  using  analytical  models  of  two-temperature  dissociation,  in 
particular  the  /3-model; 


Kd{T,T,)-^ZiT,T,)-K°^{n 


(1) 


Z{T,  %)  = 


1  -  exp(-0/T,/) 
1  -  exp(-  0/T) 


> 


where  E*  —  D  -  jST,  0  is  the  characteristic  vibrational  temperature,  D  is  the  dissoci¬ 
ation  energy  (in  Kelvins),  Kl{T)  is  the  equilibrium  dissociation  rate  constant. 

The  results  of  experimental  investigation  of  N2  and  O2  dissociation  in  shock  waves 
imder  conditions  of  vibrational  nonequilibrium  are  well  described  by  the  /3-model  with 
the  parameter  being  constant  (/3  =  1.5  for  O2,  /3  =  3  for  N2).  For  temperatures  higher 
than  those  in  experiments,  it  is  necessary  to  take  into  account  the  depender  of  /3  on 
T.  For  this  purpose,  the  Gordiets  model  is  used: 


70 


0 

0.32- 

a 


(2) 


where  is  the  mass  of  one  atom  in  the  dissociating  homonuclear  molecule  A2  (in 
atomic  mass  units),  a  is  the  inverse  interaction  radius  in  the  exponential  repulsive 
potential  for  the  A2-A2  system,  70  is  the  adiabatic  parameter  (Massey  parameter).  The 
effect  of  molecular  rotation  of  the  dissociation  rate  constant  at  high  temperature  is  taken 
into  account  by  substantially  reducing  the  dissociation  energy  due  to  the  centrifugal 
effect,  so  that  Z?  =  D{T). 

A  simulation  of  one- dimensional  inviscid  flow  of  multicomponent  gas  mixture  behind 
a  plane  shock  wave  front  was  carried  out.  The  complete  set  of  chemical  and  vibrational 
kinetics  equations  with  expression  (1)  for  Kd{T,  Tu)  and  expression  (2)  for  parameter 
/3  were  used.  The  calculated  value  of  Tv  imder  quasi-stationary  conditions  is  close  to 
that  obtciined  experimentally. 

Exchange  chemical  reactions  with  vib/.ationally  nonequilibrium  molecules  (such  as 
N2(i')  -j-  0  -»  NO  -r  N)  are  very  important  for  high-tempcidtnre  air.  The  rate  constants 
of  these  reactions  in  thermal  nonequilibrium  are  estimated  in  two  ways: 
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•  in  terms  of  the  Macheret  model  taking  into  account  t  he  change  in  the  reaction 
threshold  value  depending  on  the  N2  vibrational  energy; 


•  from  an  accurate  solution  of  the  appropriate  dynamical  model  by  the  method  of 
classical  trajectories. 

In  simulating  the  gas  flow  behind  shock  wave  front,  it  was  assumed  that  the  vi¬ 
brational  energy  changes  not  only  in  VV-  and  VT-exchange  processes,  but  also  in 
dissociation,  recombination  and  exchange  chemical  reactions.  The  vibrational  energy 
e",  lost  through  dissociation,  recombination  and  exchange  chemical  reactions,  is 

P  p  - 

0^  " 


where  is  the  vibrational  energy  corresponding  to  the  vibrational  number  1/,  Pi,  is 
the  reaction  probability  for  molecules  on  the  i/-th  level. 

In  the  two-temperature  approximation  with  the  reaction  rate  constant  represented 
as  K{Ty  Tu)  -  Z{T,  T^)  ■  K°{T),  it  is  assumed  that 

= 

where  K’j{T)  and  K°{T)  are  the  equilibrium  rate  constants  of  the  forward  (f)  and 
reverse  (r)  reactions  =  T  and  ktq{T)  is  the  equilibrium  constant  for  a  given 

reaction  in  the  thermodynamic  equilibrium  state. 

In  addition  to  the  reactions  between  neutral  particles,  the  model  of  the  processes  in 
strong  shock  waves  takes  into  account  the  associative  ionization,  electron  impact  ion¬ 
ization,  charge  exchange  and  ion-molecular  reaction.  For  collisions  with  electrons,  the 
rate  constants  eire  calculated  by  averaging  the  known  cross  sections  of  these  reactions 
over  the  Maxwelliein  electron  energy  distribution. 

The  results  obtained  using  the  adopted  kinetics  model  are  illustrated.  As  the  most 
typical  example,  the  shock  wave  propagation  in  the  Earth  atmosphere  at  a  velocity  of 
F,  =  9  km/s  and  a  height  of  if  =  TO  km  was  considered. 

Thus,  the  mechanism  of  the  processes  in  air  at  temperatures  up  to  90000  K  is 
presented.  This  mechanism  includes  64  reactions. 

By  solving  the  problem  with  the  dennite  goal  function,  it  is  possible  to  determine 
the  key  reactions  and  reduce  the  number  of  reactions  necesstxry  to  calculate  the  goal 
function  within  the  desirable  accuracy.  For  example,  the  translational  temperature  is 
given  within  10%  by  the  reduced  mechanism  including  the  following  reactions; 


K°f{T) 

K?iT) 
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